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        Advanced low power devices promote the development of micro power 

generators (MPGs) to replace the batteries to power them. Due to the trend in 

decreasing integrated circuit (IC) supply voltages, power supply designers are facing 

more and more serious challenges. The objective of this research is to design a power 

conditioning circuit (PCC) for use in conjunction with low voltage 

microelectromechanical systems (MEMS)-based Palouse Piezoelectric Power (P3) 

micro heat engine power generation systems. The PCC enables maximum power 

extraction from a piezoelectric MPG. The proposed PCC includes a rectifier stage and 

a regulator stage. The rectifier stage is based on the synchronous rectification 

technique. The dc-dc regulator is a charge pump-based step-down converter. 

Interleaved discharge (ID) is proposed to reduce the output voltage ripple 

significantly, without sacrificing the converter efficiency. The proposed step-down 

charge pump is analyzed with state-space averaging. 

 

        In order to facilitate the PSpice simulation of the lead zirconate titanate (PZT) 

membrane, a simplified PZT model was developed. Both the rectifier and the charge 

pump are simulated with PSpice. Simulations show that the interleaved discharge 



  

method takes full advantage of the step-down charge pump structure, and provides 

flexibilities to the design of step-down charge pumps. The designed 200mW 5V/1.2V 

charge pump has an efficiency of 92.2%, with reduced output ripple. Proof-of-concept 

demonstration of the proposed PCC includes a 4-stage completely passive charge 

pump driving an analog wristwatch, proving proper operation of the entire P3 micro 

power system. 

 

        A maximum output power of 18.8µW has been extracted from a single 

piezoelectric MPG, with 92% efficiency in the rectifier stage. Arbitrary waveform 

generator representation (AWGR) of the piezoelectric membrane is also presented. 

AWGR facilitates ongoing tests and demonstrates the feasibility of cascading many 

MPGs to extract additional power. 
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NOVEL POWER CONDITIONING CIRCUITS FOR PIEZOELECTRIC MICRO 
POWER GENERATORS 

 

 

1 INTRODUCTION 

 

 

1.1 Background 

 

        In 1965, Gordon Moore predicted that the number of transistors per integrated 

circuit (IC) would double every couple of years. This is the very famous Moore’s 

Law. In fact, the evolution of microelectronics technology has followed Moore’s Law 

fairly well for several decades. The appearance of wearable electronic devices, such as 

electronic wristwatches, mobile telephones, hearing aids, implanted cardiac 

pacemakers, and personal digital assistants (PDAs) among others, has transformed the 

way people live. Wireless integrated network sensors (WINS) are widely used in civil 

and military applications. Advances in IC technology, following Moore’s Law, have 

enabled the reduction of the size/weight and energy requirement of these devices. For 

example, by 2005, the power consumption of the Bluetooth communication technique 

will drop from 12.5mW (in 1998) to 5.1mW [1]. The power supply voltages for ICs 

are being continuously reduced in order to increase the integration densities, reduce 

the power consumption, and increase the reliability of gate dielectrics [2].  

 

        In digital electronics, the power consumed to charge and discharge a load 

capacitance LC  can be expressed in terms of switching frequency f , load capacitance 

and supply voltage ddV as follows [3] 

                                                       2
ddLc VfCP =                                                        (1-1) 

 

From (1-1), it can be clearly seen that decreasing the supply voltage can reduce the 

power consumption quadratically. According to the “International Technology 
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Roadmap for Semiconductors, 2002 update” [2], by the year 2016, the supply voltage 

for high-performance logic technology will drop to 0.4V.  

 

        With the continuous drop in IC supply voltages, power supply designers are 

facing more and more serious challenges, such as efficiency, response time, output 

ripple, size/weight, cost, etc. Because the output voltage of the power supply is so low, 

any voltage drop on any devices in the power supply may lead to significant efficiency 

degradation. For instance, diodes are commonly used in power supplies. The typical 

forward voltage drop of a silicon diode is around 0.7V, and even a good Schottky 

diode may have a typical forward voltage drop of 0.3V. It is obvious that this kind of 

voltage drop is intolerable for a power supply whose output voltage is only 0.4V, as 

the diodes will constitute the biggest part of power loss. 

 

        Fig. 1.1 (a) illustrates a conventional buck (step-down) dc-dc converter. Power 

supply designers have been struggling very hard to design high-efficiency power 

supplies. In low-output-voltage switch-mode power supplies (SMPSs), synchronous 

rectification (SR) has already been widely applied to improve power supply efficiency 

[4]. Fig. 1.1 (b) shows the application of SR in a buck dc-dc converter. Fig. 1.1 (b) is 

the same as Fig. 1.1 (a) except that the freewheeling diode D is replaced with a power 

switch, S2. Since the on-resistance of the power switch may be very low, the efficiency 

of the converter is improved. 

 

        Usually, low-power electronic devices are battery powered. Whether the batteries 

are rechargeable (secondary) or non-rechargeable (primary), they all suffer from the 

same drawbacks: bulky size, limited service life, and difficult or impractical 

replacement in applications such as unattended sensors or implanted cardiac 

pacemakers.  

 

        An attractive alternative to batteries is micro power generators (MPGs), which 

have recently gained increased attention. An MPG is expected to be five-to-ten times 

smaller than a comparable battery [5], and features enhanced performance. Some 
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MPGs can scavenge attainable energy from the environment of the system and convert 

it into useful electrical energy [6]-[8]. Possible “fuel-free” environmental energy 

sources for MPGs include human body/activities, ambient mechanical vibrations, 

acoustic energy, waste heat from IC chips, solar energy, and so on. There are also 

other “non-fuel-free” energy sources, such as natural gas, biomass, nuclear energy, 

etc. Fig. 1.2 shows the system schematic of an MPG. The MPG extracts energy from 

the environment, and generates an ac output voltage, which must be converted to the 

required regulated voltage with a power conditioning circuit (PCC).  The output power 

of the PCC may be stored for pulse power requirements. Meanwhile, if the loads only 

require limited continuous power, it can be provided directly by the PCC.   
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(a) Conventional buck converter 
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(b) Synchronous buck converter 

 

Fig. 1.1. Buck dc-dc converter. 
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        In 1988, the first kinetic energy watch in the world appeared [9].  The MPG in 

this watch converts mechanical energy (arm movement) to electrical energy with an 

oscillating weight, a gear train, and a small motor. 

 

        Piezoelectric materials, such as lead zirconate titanate (PZT), and 

polyvinyldifluoride (PVDF), create electrical charge when mechanically strained. This 

property is termed piezoelectricity, which was discovered in 1880 by Pierre and 

Jacques Curie. When placed in an electric field, piezoelectric materials become 

strained. The PVDF material is more flexible than PZT and suitable for high-pressure 

operation, and the output voltage is high. On the other hand, the PZT material is more 

suitable for high-temperature operation, and its output voltage is lower compared with 

that of the PVDF material. Piezoelectric materials are commonly used in piezo sensors 

(generators) and piezo actuators (motors). Piezo sensors convert mechanical energy to 

electrical energy, and piezo actuators convert electrical energy to mechanical energy. 
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Fig. 1.2. Schematic of an MPG system. 
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        The use of a thin PZT film/plate for a micro power supply, as shown 

schematically in Fig. 1.3, is a new and exciting application [10]-[12]. In this 

application, the piezoelectric laminate is mechanically forced to vibrate and thus, it 

works as a generator to transform the mechanical energy into electrical energy. 

Together with an appropriately designed power conditioning system, this piezoelectric 

generator has great potential to be used as a micro power supply for microelectronic 

and micro-electromechanical systems (MEMS) devices. 

 

 

 

 

 

 

  

 

 

 

 

 

Fig. 1.3. Block diagram of the piezoelectric power generator. 

 

 

        Researchers at Washington State University have proposed a MEMS-based P3 

micro heat engine power generation system [13]. Fig. 1.4 shows a unit cell of such an 

MPG. The unit cell consists of a cavity filled with a working fluid, which is a mixture 

of liquid and vapor. It can be seen that there is a vapor bubble in the cavity. The 

bottom of the cavity is sealed by a thin-film piezoelectric membrane, which serves as 

the power generator. When heat is conducted in, the working liquid evaporates, 

causing the piezoelectric membrane to flex outward. The strained piezoelectric 

membrane then generates useful electrical energy. When heat is conducted out, the 

vapor condenses, causing the piezoelectric membrane to flex inward. Due to 
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modularized design, many unit cells could be conveniently connected in series or in 

parallel to obtain the required voltage and power. Fig. 1.5 shows such a system [14]. A 

single P3 micro heat engine is expected to provide 1mW of continuous power with a 

power density of ~1W/cm3 and energy density of ~1000Whr/kg. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.4. Schematic of a unit cell of the P3 micro heat engine power generator [13]. 

 

 

        To obtain regulated dc voltages required by electronic loads, we can employ one 

of the three general types of dc-dc converters: linear regulators, switch-mode power 

converters, and charge pumps (also known as switched-capacitor dc-dc converters).  

 

        The block diagram of a linear regulator is illustrated in Fig. 1.6. In this circuit, the 

transistor acts as an adjustable resistor. The voltage difference between the input and 
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the output, i.e., 0VVin − , appears across the transistor and causes power losses in it. 

The efficiency of a linear regulator is low unless the required output voltage is slightly 

below the input voltage. In order for the power supply to work, the minimum input 

voltage min,inV should always be higher than the output voltage oV . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.5. Schematic of the P3 micro heat engine power generator [14]. 
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Fig. 1.6. Block diagram of a linear regulator. 
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        Switch-mode power converters are controlled by pulse-width modulation 

(PWM). Fig. 1.7 shows a PWM switch-mode dc-dc converter. A switch-mode power 

converter can be classified into three categories: buck (step-down), boost (step-up), 

and buck-boost (step-down/step-up). A buck converter has already been shown in Fig. 

1.1. For switch-mode converters, it is theoretically possible to obtain 100% efficiency, 

if the parasitic effects are zero.  

 

        The disadvantage of switch-mode power converters is that they need magnetic 

devices, e.g., inductors and/or transformers, which are key components for controlled 

transfer of energy. Even if the switching frequency is very high, magnetic devices are 

still unavoidable, which makes it hard to design low-profile high-density power 

supplies. Both conventional (wire wound) and planar magnetic devices are bulky due 

to the use of magnetic cores. Conventional wire wound inductors and transformers are 

not amenable to mass production, thus increasing the manufacturing cost of power 

supplies. Planar magnetic devices can either be constructed as stand alone 

components, with a small multilayer printed circuit board (PCB), or integrated into a 

multilayer PCB of the power supply [15]. They feature relatively low profile, excellent 

thermal characteristics, low leakage inductance, and excellent repeatability of 

properties. However, it is currently impractical to integrate planar magnetic devices 

on-chip due to their high surface to volume ratio. Although on-chip 

inductors/transformers are available in standard IC processes, it has been found that 

the quality factor (Q, impedance to resistance ratio) is poor [16]. These on-chip 

inductors/transformers are used in radio frequency (RF) circuits, but they are 

unsuitable in high-efficiency power supplies.   

 

        A third category of dc-dc converters, charge pumps, has gained increased 

attention recently. They rely solely on switches and capacitors for energy transfer. By 

manipulating the turn-on and turn-off times of the switches, the converter undergoes 

several different states, thus controlling the charging and discharging trajectory of the 

capacitors, and obtaining the required output voltage. High quality on-chip capacitors 

are easier and more efficient to fabricate than high value inductors. Unlike switch-
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mode dc-dc converters, charge pumps need not employ magnetic components. Hence, 

they are inherently amenable to monolithic integration [17]. Fig. 1.8 shows the 

schematic of a charge pump voltage doubler. Charge pumps are widely used in flash 

memory circuits [18], liquid crystal display (LCD) drivers [19], filters [20], etc. 
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Fig. 1.7. Block diagram of a PWM switch-mode power converter. 
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Fig. 1.8. Charge pump voltage doubler. 
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        The circuit structure of a charge pump determines that its efficiency can never 

reach 100%. For charge pumps, there is an inherent power loss that can never be 

avoided. This is due to step voltage changes ( V∆ ) across the capacitor. This energy 

loss can be shown to be [21] 

                                                       2)(
2
1

VCE ∆=                                               (1-2) 

 

 

1.2 Previous Work 

 

        The feasibility of scavenging energy from human body/activities has been studied 

[1], [6], [22]. The head is one of the warmest parts of one’s body, and the estimated 

heat power radiation is 15W [22]. It is estimated that at least 500mW of useful 

electrical power can be harvested from common clothes such as a cap. Therefore, it is 

possible to feed wearable systems from body heat dissipation via electrothermal 

conversion. In [6], Shenck and Paradiso demonstrated that when people walk, parasitic 

power in shoes could be harvested through a PVDF or PZT generator to power a radio 

frequency tag that transmits a short-range, 12-bit wireless identification code.  

 

        Other attainable ambient energy sources include mechanical vibration energy [8], 

[23], [24], acoustic energy [25], etc. In [8], a system was proposed to convert ambient 

mechanical vibration into electrical energy, with an approximate net output power of 

8µW. The energy is converted through a MEMS variable capacitor. In [24], a moving 

coil electromagnetic transducer was used to convert vibration energy into electrical 

energy. The authors claimed that the generated power was on the order of 400µW. The 

power regulator was a synchronous buck converter, with the two Metal-Oxide-Silicon 

Field Effect Transistors (MOSFETs) integrated on chip, and the 56µH inductor and 

the 10µF capacitor were external to the chip. In [25], Horowitz, et al, presented an 

acoustic energy harvester employing an electromechanical Helmholtz resonator with a 

PZT generator. A simple linear regulator was adopted to show the feasibility of 

acoustic energy reclamation. The estimated output power was 7.4mW. 
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        In [26], an adaptive piezoelectric energy harvesting circuit was proposed to 

harvest maximum power from the vibrating piezoelectric transducer. This is the only 

published work that has been found to work on maximum power extraction from 

piezoelectric generators. Fig. 1.9 shows the block diagram of the proposed energy 

harvesting circuit. The energy harvesting circuit consists of a full bridge diode rectifier 

and a buck dc-dc converter. At the highest excitation level, the rectified open-circuit 

voltage was 95.31V, and the harvested power was 70.42mW. The piezo wafer size 

(inch) is 010.031.181.1 ×× . An adaptive control technique for the dc-dc converter was 

used to realize optimal power transfer and maximize the power stored in the battery. 

The adaptive controller was based on a digital signal processor (DSP). 

 

 

Full-Bridge
Diode

Rectifier

Switch-Mode
Buck

Converter
Battery

Piezo
Generator

 
 

Fig. 1.9. Diode bridge rectifier used in [26]. 

 

 

1.3 Research Objectives 

 

        In the previously mentioned P3 engine, piezoelectric membranes generate an ac 

voltage. The objective of this research is to design a power conditioning circuit (PCC) 

for use in conjunction with the MEMS-based P3 micro heat engine power generation 

system. The PCC draws useful electric power from the P3 engine and converts it to the 

regulated dc voltage. Fig. 1.10 shows the schematic of the P3 system. The proposed 

PCC includes two stages: a rectifier as the first stage, and a dc-dc converter as the 

second stage. It is also desirable to enable maximum power extraction from the P3 

micro heat engine power generator. 
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        So far, little attention has been paid on how to extract maximum power from 

MPGs. Although an adaptive piezoelectric energy harvesting circuit was proposed to 

harvest maximum power from the vibrating piezoelectric transducer in [26], the first 

stage of this circuit is a simple diode bridge rectifier, as already shown in Fig. 1.9. It is 

unsuitable for low-voltage MPGs whose output voltage is comparable to a diode 

forward voltage drop. This research has investigated the possible application of a 

synchronous rectifier as the first stage of the PCC. 

 

 

PZT
Engine PCC Loads

Battery
Control

Circuitry
 

 

Fig. 1.10. Schematic of the P3 system. 

 

 

        In an effort to achieve miniaturization, it is desirable to integrate the PCC on a 

single chip. Conventional dc-dc converters such as buck-boost converters feature high 

efficiency but they need bulky magnetic components. The charge pump is a 

promising dc-dc converter in that it is composed of capacitors and MOSFETs, 

which both can be integrated on chip (with a very limited number of external 

capacitors that are still too large to implement on an IC with current technology). The 

fact that the piezoelectric membrane is capacitive also makes a charge pump dc-dc 

converter more attractive. This work has designed a low-output-ripple charge pump as 

the second stage of the PCC. 

         

        Fig. 1.11 shows the commonly used Van Dyke’s model for representing the 

equivalent circuit of a piezoelectric membrane. L1, C1, and R1 are mass, elastic 
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compliance and mechanical damping transformed into electrical magnitude by the 

piezoelectric effect, respectively. Co is the capacitance in the absence of mechanical 

deformation at the resonant frequency [27]. The involvement of these mechanical and 

material parameters makes this model too complicated for PCC designers. From the 

viewpoint of power extraction, the PZT should work at resonance. Instead of using 

Van Dyke’s model in the simulation, this research has developed a simplified PZT 

model, which is much easier for PCC designers to manipulate and facilitates the 

simulation work. 

 
 

L1

R1

C1

Co

 
 

Fig. 1.11. Van Dyke’s PZT model. 

 

        Since the power level of a single generator cell is very low, in order to achieve 

higher power, it is necessary to connect many cells in series or in parallel according to 

the load requirements. Because the respective research at OSU and WSU is being 

carried out simultaneously, the actual micro P3 heat engine is unavailable to OSU 

while it is being used by the Mechanical Engineers at WSU. Thus, researchers at WSU 

have developed a bulge tester, which is used to simulate the action of the micro heat 

engine that drives the PZT membranes [28]. Under these circumstances, it is 

impractical to build several bulge testers for PCC experiments. An alternative to the 

bulge tester is to develop a representative system with an arbitrary waveform 
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generator and the necessary interfacing circuits. The work has developed an arbitrary 

waveform generator representation (AWGR) system that can replace the bulge tester 

and the PZT membrane for some ongoing experiments. 

 

 

1.4 Dissertation Organization 

 

        This dissertation is organized in the following way. Chapter 1 provides a brief 

introduction to the background information of the research, previous related works, 

and the research objectives. In Chapter 2, a novel power conditioning circuit for micro 

power generators is designed. The rectifier stage and the dc-dc regulator stage are 

designed separately. Three possible topologies of the rectifier are presented. The 

proposed rectifier stage is based on the synchronous rectification technique. The dc-dc 

regulator is a charge pump-based step-down converter. Interleaved discharge (ID) is 

proposed to reduce the output voltage ripple greatly, without sacrificing the converter 

efficiency. The proposed step-down charge pump is analyzed with state-space 

averaging. The superiority of the proposed ID method will be verified by simulation. 

 

        In Chapter 3, the proposed PCC is verified by PSpice simulation. A simplified 

PZT model that is PCC designer friendly is developed. The three schemes of the 

rectifier stage are simulated and compared. A 200mW, 5V/1.2V, with less than 1% 

ripple step-down charge pump is designed and simulated. The advantages of the 

proposed ID method are given.  

 

        The experimental setups of the proof-of-concept demonstration and the bulge 

tester are presented in Chapter 4. In Chapter 5, the experimental results and 

discussions are presented. Arbitrary waveform generator representation (AWGR) of 

the PZT membrane is presented in Chapter 6. Finally, Chapter 7 concludes the 

dissertation and provides suggestions for future work.  
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2 DESIGN OF THE POWER CONDITIONING CIRCUIT 

 

 

2.1 Introduction 

 

        Considering the fact that the MPG generates an ac output and the load needs a 

regulated dc voltage, we can imagine that a power conditioning circuit (PCC) that 

connects the MPG and the load is necessary. The PCC includes two stages: an ac-dc 

rectifier stage and a dc-dc regulator stage. The two stages are connected by a dc link 

capacitor. Fig. 2.1 illustrates the schematic of the PCC. The ac-dc rectifier converts the 

ac output from the MPG into an unregulated dc voltage. Usually, this stage consists of 

a diode rectifier. 

 

 

ac

dc

dc

dc

dc linkrectifier dc/dc regulator

RLVin

 
 

Fig.2.1. Schematic of the power conditioning circuit. 

 

 

        By means of the dc link, the output and input can be decoupled, e.g., the design 

of the dc-dc regulator is independent of the ac side variation. Therefore, the dc link 

capacitor is a necessity. The same technique has been used in adjustable speed drives 

(ASDs) [29]. 

 

        As already discussed in Chapter 1, there are mainly three topologies for the dc-dc 

regulator: linear regulator, switch-mode regulator, and charge pump. Because of the 

advantages that the charge pump only requires switches and capacitors and the PZT 
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membrane itself is capacitive, this work will only consider a charge pump-based dc-dc 

regulator topology.  

 

        Because the research on the micro heat engines is still in progress at Washington 

State University, there exists some uncertainty in the dc link voltage level, i.e., the 

required step-down ratio of the charge pump is unknown. As such, this work will 

investigate a generic step-down charge pump. It is well known that high voltage is 

more suitable for efficient power transmission. This also holds for computer 

applications: the voltage delivered to the motherboard is usually higher than the load-

required supply voltages. For some low-voltage applications, a step-down dc-dc 

regulator might be indispensable. 

 

        Nowadays, computers need several supply voltages. In switch-mode power 

supplies (SMPSs), the percentage output voltage ripple is usually specified to be less 

than 1% [4]. Table 2.1 shows some typical ripple specifications for different supply 

voltages [30]. 

 

 

Table 2.1 Ripple specifications for computer power supplies [30]. 

 

Output DC Voltage 

(V) 

Maximum Ripple 

(mVpp) 

+12 120 

+5 50 

+3.3 50 

-5 100 

-12 120 

+5 standby 50 
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        Table 2.2 is derived from the “International Technology Roadmap for 

Semiconductors, 2002 update”. According to this roadmap, the power supply voltage 

will drop to 0.4V by 2016. This presents serious challenges for power supply 

designers. If the required voltage ripple is still 1%, then its peak-to-peak ripple will be 

less than 4mV by 2016.  

 

 

Table 2.2 International technology roadmap for semiconductors, 2002 update [2]. 

 

 2002 2005 2007 2010 2013 2016 
Power Supply Voltage (V) 
(High performance) 

1.0 0.9 0.7 0.6 0.5 0.4 

Power Supply Voltage (V) 
(Low operating power, 
high Vdd transistors) 

 
1.2 

 
1.0 

 
0.9 

 
0.8 

 
0.7 

 
0.6 

Allowable Max. Power (W) 
(High performance with 
heatsink) 

 
140 

 
170 

 
190 

 
218 

 
251 

 
288 

Chip Frequency (MHz) 2317 5173 6739 11511 19348 28751 
 

 

        There are some approaches to reducing the power supply output voltage ripple. 

For example, we can increase the capacitance value of the output filter. Although this 

approach is very easy, it may not meet low-cost, high-power density design 

requirements.  

 

        Recently, there have been numerous investigations on the so-called interleaving 

technique in switch-mode power supplies [31]-[34], as shown in Fig. 2.2. The N 

converter cells are physically paralleled and are operated at the same switching 

frequency, but are phase-shifted by 2π/N with respect to one another. By interleaving 

N-paralleled converter cells, the input/output ripple can be reduced by 1/N or more. 

Employing interleaving techniques can also improve the power level of the power 

supply. Interleaving techniques have also been used to reduce output ripple in charge 
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pumps [35], [36]. The shortcoming of the conventional interleaving technique is 

increased component count and complicated control. 
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Fig. 2.2. Interleaving technique. 

 

 

        Step-down charge pumps have a structure that can potentially be utilized to 

reduce the output voltage ripple, without resorting to the above ripple-reduction 

approaches. This work will propose a new control strategy that will reduce the voltage 

ripple greatly. 

 

 

2.2 Rectifier Stage 

 

        At the current stage of the DARPA project, 21-layer lead zirconate titanate (PZT) 

membranes have been adopted as the piezoelectric generator. The peak-peak output 

voltage of a single PZT membrane is in the range of 1.8~2.5VPP. In this case, the diode 

rectifier’s forward-voltage drop constitutes a significant fraction of the PZT output 

voltage. Even the commonly used Schottky diodes still have a relatively large voltage 

drop. Therefore, rectification is a nontrivial issue.  
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2.2.1 Scheme I: Diode-Resistor Pair Rectifier 

 

        Fig. 2.3 shows scheme I of the rectifier stage. As it can be seen, there is a diode, 

which acts as a single-phase half-wave rectifier. The resistor cR is used to increase the 

output power of the circuit. It has been found that without this resistor, the output 

power is almost zero. After adding cR , the output power is greatly increased. For the 

PZT membranes used, it has been found that cR  in the range from 40kΩ~60kΩ can 

help extract more power. In Chapter 3, we will develop a modified PZT model, and 

the function of cR  will be explained there.  
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Fig. 2.3. Scheme I of the rectifier circuit. 

 

 

2.2.2 Scheme II: Diode-Diode Pair Rectifier 

 

        Fig. 2.4 shows a very famous ac-dc voltage doubler [37], [38]. This capacitor-

diode network has the capability to convert an ac input voltage )sin( tEVin ω=  into a 

dc output voltage EVC 20 = . During the negative half cycle of the input sine wave, 

capacitor 1C  is charged to EVC =1  through diode 2D . Then, when the positive half 

cycle of inV  comes, the voltage of 1C  and inV will stack together, and through diode 
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1D , 0C is charged to a dc voltage of approximately EVC 20 = , if the load current is not 

too high. Voltage multipliers based on this technique have been extensively used in 

televisions. 
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Fig. 2.4. An ac-dc voltage doubler. 

 

 

        Since the PZT membrane is capacitive, we can utilize the equivalent terminal 

capacitor of the PZT membrane, and develop a modified ac-dc voltage doubler. This 

modified ac-dc voltage doubler is dubbed scheme II in this work, as shown in Fig. 2.5. 

Note that in scheme II the inherent capacitance of the piezoelectric membrane is 

uncontrollable for PCC designers.  
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Fig. 2.5. Scheme II of the rectifier circuit. 
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2.2.3 Scheme III: Synchronous Rectifier 

 

        In this work, a synchronous rectifier, as shown in Fig. 2.6, is proposed to improve 

the PCC efficiency. The comparator senses the source-drain voltage of the N-channel 

MOSFET. The MOSFET can only work in the third quadrant, i.e., it only conducts 

when the source of the MOSFET is positive with respect to its drain. The MOSFET 

body diode would not be forward-biased due to the very low on-state resistance RDS of 

the MOSFET. When the drain of the MOSFET is positive with respect to its source, 

the body diode is reverse-biased. Scheme III is based on the SR technique and is 

expected to further increase the extracted power from the piezoelectric generator. 
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Fig. 2.6. Scheme III: synchronous rectifier. 

 

 

2.3 Regulator Stage 

 

        As mentioned previously, this work will adopt a charge pump as the regulator 

stage. Charge pumps have been used for many years. Commercial products include 

LM2781 [36], 7660 voltage inverter [39], etc.  
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        As the allowable maximum power increases, the most suitable computer on-

board distribution voltage would be 5V, or even higher, due to the low power loss 

associated with the power distribution system. Based on the state-of-the-art power 

supply distribution technology, projections of the IC development, and the 

characteristics of this work, a generic charge pump will be designed, aiming at a 

5V/1.2V step-down ratio and a ripple of less than 1%. The power is chosen to be 

200mW since the task of this work is to operate in the DARPA project low power 

range. 200mW of power is enough for integrated circuits such as operational 

amplifiers, unattended sensors, etc. 
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Fig. 2.7. Conventional n-stage step-down charge pump. 

 

 

2.3.1 Conventional Step-Down Charge Pump 

 

        Fig. 2.7 shows the schematic of a conventional n-stage step-down charge pump. 

Fig. 2.8 illustrates the timing diagram and some typical waveforms. During the 

charging interval, capacitors C1~Cn are charged in series. During the discharging 

interval, the capacitors are connected in parallel so that they can discharge 
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simultaneously. The circuit topologies of the two states are shown in Fig. 2.9. The 

output voltage is ideally 

                                                     
n

V
V s

o =                                                                 (2-1) 
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Fig. 2.8. Conventional n-stage step-down charge pump timing diagram and 

waveforms. 
(a) Driving signal for S1 
(b) Driving signal for S2 

(c) Voltages across capacitors C1~Cn 
(d) Output voltage ripple 
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(a) Charging interval 
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(b) Discharging interval 

 

Fig. 2.9. Switching states of the conventional n-stage step-down charge pump. 

 

 

        Fig. 2.10 shows a circuit that was proposed in [40]. As can be seen, the circuit 

consists of two identical step-down charge pump cells. While one cell is being 

charged, the other one will be discharged, and vice versa. Therefore, this is actually 

using the interleaving technique. The circuit has a total of four states. Fig. 2.11 
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illustrates the circuit topologies during state 1 and state 2. State 3 and state 4 are 

similar to state 1 and 2, only that the function of cell 1 and cell 2 are interchanged. 

Several other papers also employed the interleaving technique, as in [41], [42]. 

 

        The analysis method that is suitable for dc-dc switching converters is state-space 

averaging (SSA), which was first proposed by Middlebrook and �uk in 1976 [43]. The 

SSA includes the following steps: 

1) Determine the different operating states of the dc-dc converter 

2) Establish the state-space equations for each operating state  

                                                  UBtXAtX kk +=
•

)()( ,                                      

                                            )()( tXCtY k=                                                                    (2-2) 

Note that it is convenient to choose inductor currents and capacitor voltages as 

the state variables. 

3) Obtain the weighted-average of the above state-space equations 

                        UBdtXAdBUtAXtX k
k

kk
k

k �� +=+=
•

)()()( ,                                      

                  )()()( tXCdtCXtY k
k

k�==                                                                      (2-3) 

Where the weight dk is the ratio of each switching interval tk to the switching 

period Ts. 

4) Then the steady-state dc model of the dc-dc converter is 

               BUAtX 1)( −−=                                                          

                      BUCAtCXtY 1)()( −−==                                                                   (2-4) 

 

        After applying the state-space averaging, the steady state output voltage of the 

charge pump in Fig. 2.10 is expressed as [40] 
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(a) 

Where r  is the equivalent series resistance (ESR) of the capacitors, 1r  is the on-

resistance of the p-type MOSFETs, 2r  is the on-resistance of the n-type MOSFETs, 

and D is the steady-state value of the duty ratio of S1 and S3. 
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Fig. 2.10. Step-down charge pump in [40]. 
(a) circuit, and (b) its timing diagram 

 

(b) 
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Fig. 2.11. Switching states of the charge pump in [40]. 
(a) State 1, (b) State 2 

 

 

2.3.2 Proposed Step-Down Charge Pump with Interleaved Discharge 

 

        This work proposes a new approach to controlling the capacitor discharging 

process in a step-down charge pump. Unlike in a conventional step-down charge pump 

where the capacitors are discharged simultaneously, in the proposed step-down charge 

pump the capacitors are discharged one-by-one, which is called interleaved discharge 

(a) 

(b) 
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(ID) here. For an n-stage step-down charge pump (i.e., the step-ratio is n), the 

interleaved discharging process is realized by introducing a phase shift of nπ2  to 

each capacitor during the discharging period. The capacitors are discharged one after 

another. Therefore, by applying the ID method we could obtain an output ripple with a 

frequency of SnT . Since the output voltage ripple is inversely proportional to the 

ripple frequency, the output ripple can be reduced by n times without requiring extra 

power switches and capacitors.  

 

        The proposed ID method is also a kind of interleaving technique. However, it is 

different from the conventional interleaving technique. The ID method takes full 

advantage of the special structure of the step-down charge pumps, and it does not need 

any extra converter cells, recalling Fig. 2.2. The ID method does need some extra 

driving signals for the switches, but some simple circuits such as flip-flops can 

generate these signals. 

 

        The schematic of the proposed n-stage charge pump is shown in Fig. 2.12. It can 

be noticed that the component count of the power stage is the same as that in Fig. 2.7, 

with some of the diodes replaced by MOSFETs. In order to obtain high efficiency in 

low-voltage low-power applications, all the diodes should be replaced by power 

switches, even in conventional charge pumps.  For medium power charge pumps, 

replacing the diodes with MOSFETs can still improve the efficiency. In fact, the 

power stage (not including the control circuit) in Fig. 2.12 is similar to that of a 48W 

charge pump presented in [17]. It should be pointed out that the power switches (in 

Fig. 2.12) that replace the original diodes (in Fig. 2.7) would not present difficulties 

since it is possible to integrate power switches on chip in low-power applications. 

Also, floating diodes are difficult to realize in complementary metal-oxide 

semiconductor (CMOS) technology. Fig. 2.13 shows the switching states of the 

proposed n-stage step-down charge pump. Only discharging interval 1 is shown in Fig. 

2.13 (b), since other discharging intervals are all similar, except the nπ2  phase shifts. 
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Fig. 2.12. Proposed step-down charge pump with interleaved discharge. 
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(a) Charging interval 
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(b) Discharging interval 1 

 

Fig. 2.13. Switching states of the proposed charge pump. 
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        Fig. 2.14 shows the timing diagram and waveforms for the proposed charge 

pump. It can be seen that when C1 is being discharged, other capacitors are untouched, 

i.e., their voltages are kept constant (neglect the leakage current). The similar process 

is repeated by other capacitors till the end of offt . Compared with Fig. 2.8 (d), the 

output voltage in Fig. 2.14 (f) has higher frequency and reduced peak-to-peak ripple. 
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Fig. 2.14. Proposed timing diagram and waveforms. 

 

 

        In order to verify the proposed interleave discharge method, it is applied to the 

circuit in Fig. 2.10 (a). Fig. 2.15 shows the circuit with the ID method.  The timing 

diagram is shown in Fig. 2.16. Suppose the diodes are replaced with switches that also 
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have a voltage drop of Vd, so that we can make a fair comparison with the steady-state 

output voltage in (2-5). 
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Fig. 2.15. Proposed ID method applied to Fig. 2.10 (a). 

 

 

        Suppose the charging time ont  is less than Ts/4, such that there will be a total of 

six switching states. Let the state variables represent the voltages of the five 

capacitors. Thus, 

                       T
CoCCCC xxxxxVVVVVX ][][ 543214321 == ,  

                       T
ds VVU ][=                                                                                    (2-6) 

        The state equations for each switching state is: 

                    UBtXAtX kk +=
•

)()( ,     k=1,2,…6                                                      (2-7) 

 

                The switching configurations during switching states 1~6 are shown in Fig. 

2.17 (a)~(f), respectively. Fig. 2.15 is analyzed as follows. 

 

 



   32

 

 

t

S1

t

S2

t

S4

t

S3

Ts

ON OFF

ON

ON

ON

OFF

OFF

OFF

Ts/2

t

S5 ONOFF

t

ONOFFS6

t

S7 ON OFF

t

ON OFFS8

ton

 
 

Fig. 2.16. Timing diagram of Fig. 2.15. 
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        1) State 1: Capacitors C1 and C2 are charged in series through S1 and D2. At the 

same time, C4 is discharged through S4 and S7. By applying KVL, we obtain the 

following 
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        By rearranging the above equations, we obtain the following matrices for state 1: 
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        2) State 2: C4 is still discharged through S4 and S7. By applying KVL, we obtain 

the following 
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        The matrices for the state equation are thus 
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        3) State 3: C3 is discharged through S4 and S8. By applying KVL, we obtain the 

following 
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        By rearranging the above equations, we obtain the following matrices for state 3: 

 

             

�
�
�
�
�
�
�
�

�

�

�
�
�
�
�
�
�
�

�

�

−−

−
=

ooo C
Y

C
g

C
g

C
g

C
gA

22

223

000

000

00000

00000
00000

,                   

�
�
�
�
�
�
�
�

�

�

�
�
�
�
�
�
�
�

�

�

−

=

oC
g

C
gB

2

23

0

0

00

00
00

          (2-13) 

 

        4) State 4: Capacitors C3 and C4 are charged in series through S3 and D5. At the 

same time, C1 is discharged through S2 and S5. By applying KVL, we obtain the 

following 
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        Therefore, we have the following matrices for the state equation in state 4: 
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        5) State 5: C1 is still discharged through S2 and S5. By applying KVL, we obtain 

the following 
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        The matrices in the state equation for state 5 are 

 

              

�
�
�
�
�
�
�
�

�

�

�
�
�
�
�
�
�
�

�

�

−−

−

=

ooo C
Y

C
g

C
g

C
g

C
g

A

22

22

5

000

00000
00000
00000

000

,           

�
�
�
�
�
�
�
�

�

�

�
�
�
�
�
�
�
�

�

�

−

=

oC
g

C
g

B

2

2

5

0

00
00
00

0

                 (2-17) 

 



   36

        6) State 6: C2 is discharged through S2 and S6. By applying KVL, we obtain the 

following 
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        The matrices in the state equation for state 6 are 
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        The duty ratio is defined as 
S

on

T
t

D = . By applying the weighted-average of the 

above state-space matrices, we obtain the matrices for the averaged state-space 

equations: 
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        Applying (2-4), we then obtain the steady-state output voltage as 
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        It can be observed that the only difference between (2-5) and (2-21) is that the 

second term in the denominator of (2-21) contains one more r (i.e., capacitor ESR). 

Since r/RL <<1, the steady-state output voltage of the ID-based charge pump is very 

close to that of [38], shown in (2-5).  

 

        Since the output power of the charge pump is 
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        The efficiency of the charge pump is 
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P
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        Therefore, the efficiency of the ID-based charge pump should be very close to 

that of the conventional charge pump, which means that the ID method does not 

sacrifice the converter efficiency. 
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Fig. 2.17. Switching states of the charge pump in Fig. 2.15. 
(a)~(c): state 1~3 
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Fig. 2.17. Switching states of the charge pump in Fig. 2.15 (continued). 
(d)~(f): state 4~6 
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        In order to show the effectiveness of the interleaved discharge, the charge pump 

proposed in [17] is simulated here. Fig. 2.18 shows the circuit of the original charge 

pump. The PSpice simulation waveforms are given in Fig. 2.19. 
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Fig. 2.18. Charge pump proposed in [17]. 
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Fig. 2.19. Simulation results of the original charge pump in [17]. 
(a) Gate driving signal for Sc (upper) and S2~S4 (bottom), (b) Capacitor voltages, and 

(c) Output voltage (upper) and input current (bottom). 
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        Fig. 2.20 shows the circuit applying the ID method. The corresponding 

waveforms are shown in Fig. 2.21. Note the phase shift in Fig. 2.21 (a) and (b). 
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Fig. 2.20. Charge pump using the proposed ID method. 
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Fig. 2.21. Simulation results of the charge pump using ID method. 
(a) Gate driving signal for Sc and S2~S4 (top to bottom), (b) Capacitor voltages, and 

(c) Output voltage (upper) and input current (bottom). 
 

 

 

 

(c) 

(b) 

(a) 



   44

        The simulation results of both cases are compared in Table 2.3. It is shown that 

the proposed ID method can reduce the output ripple greatly, while not sacrificing 

other circuit parameters. Note that the switching frequencies for both cases are 

100kHz. 

 

 

Table 2.3 Simulation results of the conventional charge pump and the proposed charge 

pump. 

 

 Average Output 

voltage (V) 

Average Input 

current (A) 

Efficiency 

(%) 

Ripple 

(mV) 

Original 11.959 1.013 85.6 106 

Proposed 11.940 1.008 85.7 24 

 

 

        The proposed ID method provides some flexibility in designing charge pumps. If 

the ripple requirement has already been met, we can use this technique for other 

benefits such as to: 

1) Reduce the capacitance value of the output filter, for lower cost and higher 

density, and 

2) Reduce the switching frequency for higher efficiency (reduced power switch 

losses). 

 

        All the simulation netlists are given in Appendix A. 

 

 

2.4 Summary 

 

        In this chapter, a novel power conditioning circuit for micro power generators 

was designed. The rectifier stage and the dc-dc regulator stage were designed 

separately. Three schemes of the rectifier were presented. The proposed rectifier stage 
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is based on the synchronous rectification technique. The dc-dc regulator is a charge 

pump-based step-down converter. Interleaved discharge (ID) is proposed to reduce the 

output voltage ripple greatly, without sacrificing the converter efficiency. The 

proposed step-down charge pump is analyzed with state-space averaging. Simulation 

verifies the superiority of the proposed ID method. The proposed ID method provides 

flexibility in designing charge pumps. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   46

3 DESIGN SIMULATIONS 

 

 

        In this chapter, possible rectifier topologies in the PCC are simulated with 

PSpice. In order to facilitate the PZT simulation in PSpice, a simplified PZT model is 

developed. The output voltage spectrum of the PZT is analyzed with Fast Fourier 

Transform (FFT) so that the PSpice PZT model can generate the same waveforms as 

the real PZT membranes. After that, three possible rectifier topologies are simulated 

with PSpice. A 5V/1.2V, 200mW, 1% output ripple charge pump is also simulated. 

 

 

3.1 PZT Modeling 

 

3.1.1 Commonly Used PZT Model 

 

         In Chapter 1, we have already mentioned the commonly used Van Dyke’s model 

for representing the equivalent circuit of a piezoelectric membrane. For convenience, 

it is redrawn in Fig. 3.1.  The model contains a motional branch (L1, R1, C1) and a 

static branch (C0).  

 

        S. Sherrit, et al [44] proposed an alternate model, which includes complex circuit 

components, as shown in Fig. 3.2. This complex circuit model takes into account the 

dielectric and piezoelectric loss as well as the mechanical loss found in the Van 

Dyke’s model. However, there is no resistance element in the motional branch, and the 

losses associated with the vibrator are represented as imaginary components of C1, L1, 

and C0. This model is difficult to handle with in PSpice simulations, since the 

capacitance values of C1 and C0, and the inductance value of L1 are complex numbers. 

 

        For both the above-mentioned PZT models, in order to obtain the electrical 

circuit components, we need to know many material parameters of the PZT 

membrane, i.e., the elastic, piezoelectric, and electromechanical constants, etc. Worst 
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of all, some of the parameters may be difficult for PCC designers to obtain. Therefore, 

it is desirable to develop a model that is suitable for PCC design, without resorting to 

those complicated parameters. 
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Co

 
 

Fig. 3.1. Equivalent model of the piezoelectric generator (Van Dyke’s model). 
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Fig. 3.2. The complex circuit model for PZT [44]. 
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3.1.2 Simplified PZT Model 

 

        By observing the Van Dyke’s model in Fig. 3.1 we can see that the circuit has 

two resonance frequencies [38]: a series resonance frequency sf  and a parallel 

resonance frequency pf . 
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        At sf , the PZT impedance is minimized. At pf , the PZT impedance is 

maximized. The parallel resonance frequency pf  is also known as anti-resonance 

frequency. For the purpose of power generation, we need the PZT membrane to work 

at series resonance, in order to obtain maximum output power. Therefore, from the 

viewpoint of power extraction, instead of using the Van Dyke’s model or the complex 

circuit model, we could develop a simplified model, which considers the series 

resonance of the circuit. The simplified model is shown in Fig. 3.3. 

 

        The parameters in the simplified model can be obtained with an HP4284A 

Precision LCR Meter. The effectiveness of the simplified model will be verified in a 

later section. By using this simplified model, PCC designers need not worry about the 

complicated parameters of the piezoelectric generator. The measured circuit 

components for the simplified model are as follows 

 

                                                    nFCs 4.31=  

                                                    Ω= 470sR  
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Fig. 3.3. Simplified PZT model. 

 

 

3.1.3 Maximum Power Extraction 

 

        It is desirable to extract maximum power from the PZT membrane. In Fig. 3.4, 

the power delivered to the load can be expressed as 

                                                    Lrms RIP 2||=                                                             (3-3) 

        In order to obtain maximum power delivery, the internal impedance and the 

external impedance must be the complex conjugate, i.e., 

                                                *
LS ZZ =                                                                     (3-4) 

        Since we have already known that the PZT membrane is capacitive, the matching 

load should be inductive. From the above-mentioned simplified PZT model, we have 

                   Ω=
××××
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        Obviously, the inductor required is too large for a micro power generator. 

Therefore, the traditional impedance matching concept is unsuitable for this work. 
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Instead, we place various resistive loads across the output terminal of the MPG to find 

the maximum power point. This method is also used in photovoltaic applications [45]. 

 

 

~ ZL=RL+jXL

PZT
equivalent

model

ZS=RS+jXS

 

 

Fig. 3.4. Impedance matching for maximum power transfer. 

 

 

        In Chapter 2, it has been shown that there are three schemes for the rectifier stage 

of the PCC. We mentioned there that a resistor Rc could help us extract more power 

from the PZT membrane (see Fig. 2.3), which will now be explained. With the above-

obtained simplified PZT model, we can redraw scheme I, as shown in Fig. 3.5. In Fig. 

3.5 (a), the PZT model is connected directly with the diode rectifier. As can be 

observed, during the positive half cycle of inV , capacitor sC  will be charged. 

Depending on the load, it only takes a few cycles to charge sC  to a voltage equal to 

the magnitude of inV . During the negative half cycle of inV , because the diode is anti-

biased, no current is drained from the source, and the voltage across sC  does not 

change. Then, for the next positive half cycle of inV , CsV  and inV  will cancel each 

other, and no power is extracted from the PZT membrane. 

 

        In Fig. 3.5 (b) and (c), a resistor, Rc, is paralleled to the PZT model. During the 

positive half cycle of inV , i.e., interval 1, capacitor sC  will be charged, and currents 
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flow through Rc and RL. During the negative half cycle of inV , i.e., interval 2, the 

source will charge sC  in the opposite direction, through Rc, as shown in Fig. 3.5 (c). 

For the next positive half cycle of inV , current will flow through RL again. Hence, 

power can be extracted from the PZT membrane. The resistance value of Rc is 

important. If it is too high, capacitor sC  could not be effectively charged (in the 

opposite direction) during interval 2; if the resistance is too low, Rc will dissipate a 

large amount of power during interval 1. Therefore, there exists an optimal resistance 

value for Rc, which will be explored in section 3.2. 
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(b) With Rc, interval 1 

 

Fig. 3.5. The function of Rc. 
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(c) With Rc, interval 2 

 

Fig. 3.5. The function of Rc (continued). 

 

 

3.1.4 Fast Fourier Transform 

 

        In PSpice simulations, in order to generate the same waveforms as a real P3 cell, 

as shown in Fig. 3.6 (a), the harmonic contents of the PZT output waveform were 

computed with the Matlab command ‘fft’. The result is shown in Fig. 3.6 (b). Then, 

the fundamental and 2nd – 7th harmonics were used to synthesize the PZT waveform in 

the PSpice simulation. The magnitudes of the fundamental and 2nd – 7th harmonics that 

were used in the PSpice simulation are tabulated in Table 3.1.  

 

 

Table 3.1 Magnitudes of the fundamental and 2nd – 7th harmonics. 

 

Order 1 2 3 4 5 6 7 

Magnitude (V) 1 0.5822 0.0417 0.0143 0.017 0.0111 0.0122 
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(a) PZT output voltage waveform under no load 

 

 

 

 

 

 

 

 

 

 

 

 

(b) Harmonic contents  

 

Fig. 3.6. FFT of the PZT output waveform. 

 

 

3.2 Simulation Results for the Rectifier Stage 

 

        In Chapter 2, three schemes of the PCC rectifier have been discussed. In this 

section, they will be verified by PSpice simulation. Various resistive loads were tested 
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with the PZT model, and an 80kΩ resistive load was found to be able to extract the 

maximum output power.  

 

3.2.1 Scheme I Simulation Results 

 

        The PSpice schematic for scheme I rectifier is shown in Fig. 3.7. In the 

schematic, voltage sources V1~V7 synthesize the fundamental and 2nd-7th harmonics in 

the PZT membrane output waveform, and their magnitudes are taken from Table 3.1. 

V1~V7, CS and RS together represent the simplified PZT model. Fig. 3.8 shows some 

typical simulation waveforms for scheme I. It is found that Ω= kRc 40  can lead to the 

maximum output power of scheme I. By varying the load resistance, we can find the 

maximum power extraction point. Table 3.2 shows the simulation results. From Table 

3.2, we can see that the maximum power of 4.28µW is extracted for an 80kΩ resistive 

load. 
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Fig. 3.7. Schematic for PSpice simulation of scheme I rectifier. 
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           Time
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V(RL:2)
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585.00mV
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(a) Upper: output voltage waveform for an 80kΩ resistive load 
Bottom: input current waveform for an 80kΩ resistive load 
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(b) Upper: PZT model terminal voltage waveform during no load 
Bottom: PZT model terminal voltage waveform for an 80kΩ resistive load 

 

Fig. 3.8. Scheme I waveforms from PSpice simulation. 

 

 

 

 



   56

Table 3.2 Scheme I simulation results. 

 

Load Resistance 

(kΩ) 

Output Voltage 

(V) 

Output Power 

(µW) 

30 0.322 3.46 

45 0.423 3.98 

52.4 0.464 4.11 

63.2 0.517 4.23 

67.2 0.535 4.26 

70.6 0.549 4.27 

80 0.585 4.28 

85 0.603 4.27 

88.5 0.614 4.26 

92 0.626 4.26 

97 0.641 4.24 

102 0.655 4.21 

110 0.677 4.17 

129.4 0.722 4.03 

139.4 0.742 3.95 

154.4 0.769 3.83 

184.1 0.814 3.6 

196.1 0.83 3.51 

 

 

        In scheme I, both Rc and D1 are the sources of power losses. Fig. 3.9 shows the 

waveforms used to analyze the losses of scheme I for an 80kΩ resistive load. Fig. 3.10 

shows the output power and loss breakdown of scheme I as a function of load 

resistance. It can be seen that for loads with high resistance values, the power loss of 

Rc dominates, and for loads with low resistance values, the power loss of D1 

dominates. When the load is around 80kΩ, the efficiency of scheme I is maximized. 
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Fig. 3.9. Waveforms for analyzing the losses of scheme I. 
 

(a) Power loss of diode D1 
(b) Power loss of resistor Rc 
(c) Total input power to the rectifier stage 
(d) Output voltage and PZT output voltage 
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Fig. 3.10. Scheme I output power and loss breakdown. 
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3.2.2 Scheme II Simulation Results 

 

        The PSpice schematic for scheme II rectifier is shown in Fig. 3.11. Fig. 3.12 

shows some typical simulation waveforms for scheme II. Scheme II simulation results 

are listed in Table 3.3. From Table 3.3, we can see that the maximum power of 

9.64µW is extracted for an 80kΩ resistive load. 
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Fig. 3.11. Schematic for PSpice simulation of scheme II rectifier. 
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(a) Upper: output voltage waveform for an 80kΩ resistive load 
Bottom: input current waveform for an 80kΩ resistive load 
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(b) Upper: PZT model terminal voltage waveform during no load 
Bottom: PZT model terminal voltage waveform for an 80kΩ resistive load 

 

Fig. 3.12. Scheme II waveforms from PSpice simulation. 
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Table 3.3 Scheme II simulation results. 

 

Load Resistance 

(kΩ) 

Output Voltage 

(V) 

Output Power 

(µW) 

30 0.48 7.68 

45 0.633 8.9 

52.4 0.696 9.24 

63.2 0.776 9.53 

67.2 0.802 9.57 

70.6 0.824 9.62 

80 0.878 9.64 

85 0.905 9.64 

88.5 0.922 9.61 

92 0.939 9.58 

97 0.962 9.54 

102 0.984 9.49 

110 1.016 9.38 

129.4 1.084 9.08 

139.4 1.114 8.9 

154.4 1.154 8.63 

184.1 1.22 8.08 

196.1 1.242 7.87 
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3.2.3 Scheme III Simulation Results 

 

        The PSpice schematic for scheme III rectifier is shown in Fig. 3.13. Fig. 3.14 

shows some typical simulation waveforms for scheme III. Table 3.4 shows scheme III 

simulation results. From Table 3.4, we can see that the maximum power of 17.73µW 

is extracted for an 80kΩ resistive load. 
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Fig. 3.13. Schematic for PSpice simulation of scheme III rectifier. 
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           Time
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(a) Upper: output voltage waveform for an 80kΩ resistive load 
Bottom: input current waveform for an 80kΩ resistive load 
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(b) Upper: PZT model terminal voltage waveform during no load 
Bottom: PZT model terminal voltage waveform for an 80kΩ resistive load 

 

Fig. 3.14. Scheme III waveforms from PSpice simulation. 
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Table 3.4 Scheme III simulation results. 

 

Load Resistance 

(kΩ) 

Output Voltage 

(V) 

Output Power 

(µW) 

30 0.65 14.08 

45 0.858 16.36 

52.4 0.944 17 

63.2 1.053 17.54 

67.2 1.089 17.65 

70.6 1.118 17.7 

80 1.191 17.73 

85 1.225 17.65 

88.5 1.249 17.63 

92 1.273 17.61 

97 1.306 17.58 

102 1.335 17.47 

110 1.379 17.29 

129.4 1.47 16.7 

139.4 1.51 16.36 

154.4 1.565 15.86 

184.1 1.654 14.86 

196.1 1.685 14.48 

 

 

        The simulation results of scheme I to scheme III rectifiers are plotted in Fig. 3.15. 

The PSpice simulation shows that the maximum extracted power with scheme II and 

scheme III are 225% and 412%, respectively, of that with scheme I.  Fig. 3.15 clearly 

illustrates the superiority of the synchronous rectifier. 
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Fig. 3.15. Comparisons of the simulation results of scheme I to scheme III rectifiers. 

 

 

3.3 Simulation Results for the Regulator Stage 

 

        In this section, a 200mW 5V/1.2V step-down charge pump based on the proposed 

interleaved discharge (ID) method is designed and simulated. In order to show the 

effectiveness of the ID method, a charge pump based on a conventional control 

method is first simulated, with the schematic shown in Fig. 3.16, and the simulation 

waveforms in Fig. 3.17. The simulation results are shown in Table 3.5. 
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Fig. 3.16. Schematic for PSpice simulation of the 200mW 5V/1.2V charge pump 
based on a conventional control method. 
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Fig. 3.17. Simulation waveforms of the 200mW 5V/1.2V charge pump based on a 
conventional control method. 

 (a) switch driving signals, (b) voltages across capacitors C2 to C4 (upper to bottom), 
and (c) output voltage (upper) and input current (bottom) 

(a) 

(b) 

(c) 
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        Schematic for PSpice simulation of the 200mW 5V/1.2V ID-based charge pump 

is shown in Fig. 3.18. Fig. 3.19 shows the simulation waveforms. The simulation 

results are also listed in Table 3.5. 
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Fig. 3.18. Schematic for PSpice simulation of the 200mW 5V/1.2V charge pump 
based on the proposed ID method. 
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Fig. 3.19. Simulation waveforms of the 200mW 5V/1.2V charge pump based on ID 
method. 

 (a) switch driving signals, (b) voltages across capacitors C2 to C4 (upper to bottom), 
and (c) output voltage (upper) and input current (bottom) 

 

(a) 

(b) 

(c) 
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Table 3.5 Comparisons of the simulation results of the 200mW, 5V/1.2V charge 
pump. 

 
 Average Output 

voltage (V) 

Average Input 

current (mA) 

Efficiency 

(%) 

Ripple 

(mV) 

Conventional 

(Co=50µF) 
1.2117 43.82 93.1 10.7 

Proposed 

(Co=50µF) 
1.2066 43.78 92.4 3.4 

Proposed 

(Co=22µF) 
1.2054 43.8 92.2 7.7 

 

 

        From Table 3.5, it can be noticed that when the output filter capacitance is 50uF, 

the output ripple of the proposed ID method is only 3.4mV. If we do not need such 

low output ripple, e.g., 1% ripple is good enough, then we can use the proposed ID 

method to reduce the filter capacitance. The simulation results are also shown in Table 

3.5. It shows that with a 22µF filter capacitance, the output ripple is better than 1%. 

The ID method could also be used to reduce the charge pump switching frequency so 

that the converter efficiency can be improved. 

 

        All the simulation netlists are given in Appendix A. 

 

3.4 Summary 

 

        In this chapter, the proposed PCC was simulated. In order to facilitate the PZT 

simulation in PSpice, a simplified PZT model was developed. The output voltage 

spectrum of the PZT was analyzed with Fast Fourier Transform (FFT) so that the 

PSpice PZT model can generate the same waveforms as the real PZT membranes. 

After that, three possible rectifier topologies were simulated with PSpice. A 5V/1.2V, 

200mW, 1% output ripple charge pump was also simulated. Simulations show that the 
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interleaved discharge method takes full advantage of the step-down charge pump 

structure, and leads to some flexibilities in the design of step-down charge pumps.  
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4 EXPERIMENTAL SETUPS 

 

 

4.1 Proof-Of –Concept Demonstration 

 

        For the purpose of proof-of-concept demonstration, a totally passive, as required 

by DARPA, PCC has been designed, as shown in Fig. 4.1. Diode D1 rectifies the ac 

output of the P3 engine. The 4-stage charge pump is operated manually through four 

toggle switches. The load is an analog wristwatch. At the beginning of the project, a 

PVDF membrane served as the piezoelectric generator. 
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Fig. 4.1. Circuit for the proof-of-concept demonstration. 

 

 

        The circuit in Fig. 4.1 was built on a proto board. The layout of the board is 

shown in Fig. 4.2. Switches S1, S2, S8, and S9 are integrated in the dual pole dual 

throw (DPDT) toggle switch TS1. S3, S4, S10, and S11 are integrated in the DPDT 

toggle switch TS2. S5 and S6 take the DPDT toggle switch TS3. S7 is in the single pole 

single throw (SPST) toggle switch TS4. The operation instruction of the demonstration 

circuit is shown in the Appendix B. 
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Fig. 4.2. Layout of the proof-of-concept demonstration circuit. 

 

 

4.2 Bulge Tester 

 

        The schematic for the bulge tester experimental setup is shown in Fig. 4.3. It is 

based on the bulge tester and the PZT membranes provided by researchers at 

Washington State University. The bulge tester is used to simulate the action of the 

micro heat engine that drives the PZT membranes. PZT membranes of different sizes 

are fabricated on a wafer. An actuator in the bulge tester provides the periodic 

mechanical excitation, through the DI water inside the aluminum pressure 

chamber, to the PZT membrane, which generates an ac voltage. The PCC then 

converts this ac voltage into the regulated dc voltage required by the load. The 

actuator is driven by a sine wave input in the range of -20Vac~120Vac, provided by a 

120kVA programmable source, in the Motor Systems Resource Facility (MSRF) at 

Oregon State University. A dc power supply is connected in series to the 

programmable source to provide the necessary offset. Fig. 4.4 (a) and (b) shows the 
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photos of the bulge tester and the wafer within its holder, respectively. Fig. 4.4 (c) is 

the photo of the 120kVA programmable source in the MSRF. Fig. 4.5 illustrates the 

cross section of the bulge tester. 
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Fig. 4.3.  Experimental setup of the bulge tester. 
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Fig. 4.4. Photos of the experimental setup 
(a) Bulge tester, (b) Wafer and its holder, and (c) the 120kVA programmable source in 

the MSRF. 
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Fig. 4.5. Cross section of the bulge tester [14]. 
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5 EXPERIMENTAL RESULTS AND DISCUSSIONS 

 

 

5.1 Test Results for the Proof-Of-Concept Demonstration 

 

        The circuit for the proof-of-concept demonstration has already been shown in 

Fig. 4.1. It consists of a rectifier and a 4-stage charge pump. The 4-stage charge pump 

has two operation stages: first, aluminum electrolytic capacitors C1~C4 are arranged in 

parallel, and charged to 0.39V in about 2 minutes with no load; second, the four 

capacitors are connected in series to get 1.56V dc voltage, which runs the wristwatch 

for 5 seconds. Although the delivered power is very low, this simple demonstration 

does show that the entire system works. The resistor RC helps to extract additional 

power from the piezoelectric membrane. Fig. 5.1 shows the capacitor terminal voltage 

as a function of the charging time at different RC values. Four 100µF capacitors were 

charged to 1.0Vdc in parallel. Different RC values were tested. The peak-to-peak 

output voltage of the piezoelectric generator is 2.09V. When RC=45kΩ, the charging 

time is minimized, about 8.5 times shorter than the case without RC.  
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Fig. 5.1. Charging time comparison. 
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5.2 Test Results for the Bulge Tester 

 

        In this section, the characterization results of all the PZT membranes are given. A 

21Vdc voltage was applied to the terminal leads of each PZT membrane to activate it. 

This process is called poling. Then, test results of the rectifier stage with the bulge 

tester are presented. 

 

5.2.1 PZT Membrane Characterization 

 

        All the PZT membranes on the wafer were numbered according to Fig. 5.2. The 

impedances of the each available membrane, before and after poling, are measured 

with an HP4284A Precision LCR Meter. The peak-peak output voltages of each 

available membrane are also measured during tests of the bulge tester. The results are 

recorded in Table 5.1. Note that membrane H3 is the prototype of the proposed 

simplified PZT model in Chapter 3. 

 

 

A1   A2   A3   A4   A5

B1   B2   B3   B4   B5   B6

C1   C2   C3   C4   C5   C6   C7

D1   D2   D3                    D4   D5   D6

E1    E2    E3                    E4   E5   E6

F1    F2    F3    F4    F5    F6    F7

G1   G2   G3   G4   G5   G6

H1   H2   H3   H4   H5

 
 

Fig. 5.2. PZT membrane numbering. 
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Table 5.1 PZT membrane characterization results. 

 

Before poling After poling  
Membrane 
# 

Capacitance 
Cs (nF) 

Resistance 
Rs (Ohm) 

Capacitance 
Cs (nF) 

Resistance 
Rs (Ohm) 
 

 
PZT 
output 
(Vpp) 

A1 32.0 411 30.7 500 1.9 
A2 33.0 376 31.7 455 2.4 
A3 X* X X X X 
A4 X X X X X 
A5 33.2 367 31.6 439 1.7 
B1 32 415 30.8 500 2.2 
B2 X X X X X 
B3 34.6 430 32.1 440 2.3 
B4 X X X X X 
B5 33.38 384 31.65 445 3 
B6 32.7 376 31.7 434 X 
C1 31.4 401 30.5 484 2.7 
C2 33.6 409 31.7 466 2.5 
C3 X X X X X 
C4 32.3 387 30.2 435 2.3 
C5 32.1 368 31 450 2.0 
C6 32.9 373 31.6 439 2.4 
C7 33 375 31.6 436 2.4 
D1 30.9 415 29.6 500 2.0 
D2 32.8 416 31 475 2.3 
D3 /** / 27.5 300 2.2 
D4 31.8 388 30 450 3.2 
D5 33 385 31.6 435 2.7 
D6 33.2 373 31.8 440 3.0 
E1 30.8 410 29.8 512 1.8 
E2 32.4 415 30.6 465 2.5 
E3 / / 27 287 2.2 
E4 29 405 27.4 330 2.2 
E5 X X X X X 
E6 33.3 386 31.8 440 2.3 
F1 30 404 29.2 527 2.0 
F2 X X X X X 
F3 32.6 369 31.4 453 2.1 
F4 32.1 380 30.6 446 2.4 
F5 32.5 370 31.2 453 2.6 
F6 33.4 400 31.6 433 2.7 
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Table 5.1 PZT membrane characterization results (continued). 

 

Before poling After poling  
Membrane 
# 

Capacitance 
Cs (nF) 

Resistance 
Rs (Ohm) 

Capacitance 
Cs (nF) 

Resistance 
Rs (Ohm) 
 

 
PZT 
output 
(Vpp) 

F7 33.5 379 32 438 3.2 
G1 30.8 410 29.8 510 1.9 
G2 32.4 387 31.2 470 2.4 
G3 X X X X X 
G4 33.9 380 29.7 430 1.2 
G5 34.5 392 31.9 438 X 
G6 X X X X X 
H1 X X X X X 
H2 32.3 406 28.6 430 2.3 
H3 32.7 384 31.4 470 2.5 
H4 33.8 410 31.5 454 2.0 
H5 34.2 377 32.3 430 2.2 

 

Notes: 

* The membranes marked with ‘X’ were bad or broken before characterization. 

** The parameters marked with ‘/’ were unavailable, because the corresponding 

PZT membranes were poled at Washington State University. 

 

 

5.2.2 Scheme I Test Results 

 

        The scheme I rectifier as shown in Fig. 2.3 was tested with the bulge tester. The 

PZT membranes’ resonant frequency is about 400Hz. The test results of scheme I 

rectifier with the bulge tester are given in Table 5.2. As can be seen, a maximum 

power of 3.7µW was extracted under an 80kΩ resistive load. 
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Table 5.2 Scheme I test results with the bulge tester. 

 

Load Resistance 

(kΩ) 

Output Voltage 

(V) 

Output Power 

(µW) 

30 0.298 2.96 

45 0.395 3.47 

52.4 0.416 3.3 

63.2 0.466 3.44 

67.2 0.485 3.5 

70.6 0.502 3.57 

80 0.544 3.7 

85 0.558 3.66 

88.5 0.568 3.65 

92 0.575 3.59 

97 0.588 3.56 

102 0.596 3.48 

110 0.617 3.46 

129.4 0.658 3.35 

139.4 0.681 3.33 

154.4 0.711 3.27 

184.1 0.752 3.07 

196.1 0.762 2.96 

 

 

 

5.2.3 Scheme II Test Results 

 

        The scheme II rectifier as shown in Fig. 2.5 was tested with the bulge tester. The 

test results are given in Table 5.3. A maximum power of 7.86µW was extracted for an 

80kΩ resistive load. 



   81

Table 5.3 Scheme II test results with the bulge tester. 

 

Load Resistance 

(kΩ) 

Output Voltage 

(V) 

Output Power 

(µW) 

30 0.425 6.02 

45 0.562 7.02 

52.4 0.624 7.43 

63.2 0.692 7.58 

67.2 0.723 7.78 

70.6 0.733 7.61 

80 0.793 7.86 

85 0.813 7.78 

88.5 0.828 7.75 

92 0.839 7.65 

97 0.857 7.57 

102 0.894 7.84 

110 0.929 7.85 

129.4 1 7.73 

139.4 1.035 7.68 

154.4 1.079 7.54 

184.1 1.09 6.45 

196.1 1.133 6.55 

 

 

 

5.2.4 Scheme III Test Results 

 

        The scheme III rectifier as shown in Fig. 2.6 was tested with the bulge tester. The 

test results of scheme III rectifier with bulge tester are given in Table 5.4. A maximum 

power of 18.83µW was extracted for a 70.6kΩ resistive load. 
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Table 5.4 Scheme III test results with bulge tester. 

 

Load Resistance 

(kΩ) 

Output Voltage 

(V) 

Output Power 

(µW) 

30 0.662 14.61 

45 0.858 16.36 

52.4 0.95 17.22 

63.2 1.043 17.21 

67.2 1.094 17.81 

70.6 1.153 18.83 

80 1.198 17.94 

85 1.212 17.28 

88.5 1.248 17.6 

92 1.294 18.2 

97 1.322 18.02 

102 1.328 17.29 

110 1.418 18.28 

129.4 1.459 16.45 

139.4 1.518 16.53 

154.4 1.558 15.72 

184.1 1.623 14.31 

196.1 1.642 13.75 

 

 

 

        Fig. 5.3 shows a typical PZT output voltage waveform during no load. Fig. 5.4 

(a) and (b) shows the scheme III output voltage and PZT terminal voltage waveforms, 

respectively, for a 70.6kΩ resistive load.   
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Fig. 5.3. PZT output voltage waveform during no load. 

 

 
 

(a) Output voltage waveform for a 70.6kΩ resistive load 

 

 
 

(b) PZT terminal voltage waveform for a 70.6kΩ resistive load 

 

Fig. 5.4. Waveforms of scheme III rectifier with bulge tester. 
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5.3 Discussions 

 

        The extracted powers at different loads for the three rectification schemes are 

shown in Fig. 5.5. It can be noted that scheme I can extract a maximum power of 

3.7µW for an 80kΩ load. The maximum power extracted by scheme II and scheme III 

is 212% (for an 80kΩ load) and 508% (for a 70.6kΩ load) of that of scheme I, 

respectively. Also, compared with Fig. 3.11, the test results of the bulge tester 

coincide very well with the PSpice simulation results. Hence, the simplified model for 

the piezoelectric generator used in the PSpice simulation is experimentally verified. 

 

        It should be pointed out that there was no pressure sensor in the bulge tester built 

for OSU (refer to Fig. 4.5.). The initial pressure of the DI water inside the chamber 

was mainly dependent on how tight the clamping bars were fastened, which on the 

other hand could only be dependent on the operator’s experience. If the clamping bars 

were fastened too tight, the silicon wafer would be broken; if the clamping bars were 

not fastened tight enough, there might be DI water leakage under the PZT membrane 

under test, which would lead to unstable PZT output voltages. In fact, the second 

scenario happened often during the test, and it gave rise to the fluctuations in the 

output power curve of scheme III, as shown in Fig. 5.5. This is also the reason why the 

maximum power point of scheme III (70.6kΩ load) was different from the normal 

maximum power point of an 80kΩ load.  

 

        For scheme III, the power consumption of the comparators should not present a 

problem, since off-the-shelf nanopower comparators with a supply current of 

only 0.38µA (3V supply voltage, at 25°C) are currently available [46]. 

Considering this power consumption (2.28µW, two comparators), the extracted power 

is still 447% of that of scheme I. In the future, with the PCC being integrated on a 

single chip, the comparator power consumption will be further decreased. Also, with 

more P3 unit cells working together, the output power will be increased, and the 

comparator consumption becomes more negligible. A low power rechargeable 
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“button-cell” battery can start up the circuit. During normal operation of the MPG, the 

battery will be trickle charged. In fact, scheme III has another potential advantage. A 

simple study on Fig. 3.6 shows that the body diodes of the two MOSFETs have 

actually formed a diode-diode pair rectifier, i.e., scheme II. If there are no power 

supplies for the comparators, then scheme III will be degraded into scheme II, and 

there will still be dc output voltage. This voltage can then be regulated with on-chip 

charge pumps to drive the comparators, and scheme III will be activated, i.e., the 

circuit can be self-started. Therefore, it is possible to develop a totally passive PCC 

with scheme III.   
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Fig. 5.5. Comparisons of scheme I to scheme III rectifiers with bulge tester. 
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5.4 Summary 

 

        In this chapter, the characterization results of all the PZT membranes were given. 

Then, the experimental results for the proof-of-concept demonstration and the bulge 

tester were presented. Scheme I can extract a maximum power of 3.7µW with an 

80kΩ load. The maximum power extracted by scheme II and scheme III is 212% and 

508% of that of scheme I, respectively. Test results of the bulge tester coincide very 

well with the PSpice simulation results. Hence, the simplified model for the 

piezoelectric generator used in the PSpice simulation is experimentally verified. The 

structure of scheme III makes it possible to develop a totally passive PCC. 
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6 ARBITRARY WAVEFORM GENERATOR REPRESENTATION (AWGR) OF 
THE PZT MEMBRANE 

 

 

        Since the power of a single generator cell is only on the level of microwatts, in 

order to achieve higher power, it is necessary to connect many cells in series or in 

parallel according to the load requirements. At the current stage of the project, it is 

impractical to build several bulge testers for the PCC experiments. An alternative to 

the bulge tester is to develop a representative system with an arbitrary waveform 

generator and the necessary interfacing circuits.  

 

6.1 AWGR Setup 

 

        An arbitrary waveform generator representation (AWGR) of a generator cell has 

been developed, as shown in Fig. 6.1.  

 

AFG310

Interfacing circuit

Power
conditioning

circiuit

Load

AWGR

Regulated
DC Voltage

 
 

Fig. 6.1. Block diagram of the AWGR. 
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        The interfacing circuit in Fig. 6.1 was obtained with the PZT impedance 

parameters, i.e., the same as those obtained for the simplified PZT model. The actual 

waveform of a P3 cell is transferred to the arbitrary function generator AFG310 via a 

general purpose interface bus (GPIB) cable, as shown in Fig. 6.2. 

 

 

GPIB Cable

TDS 460A
Digital

Oscilloscope

AFG 310
Arbitrary Function

Generator

PZT
Membrane

 

 

Fig. 6.2. Transferring the PZT output waveform into AFG 310. 

 

 

6.2 AWGR Test Results 

 

        All the three rectifier schemes as discussed in Chapter 2 were studied with the 

AWGR, and the results are shown in Table 6.1 ~ Table 6.3. Operation instructions for 

the AWGR are given in Appendix C. For scheme I, the maximum power of 3.84µW 

was extracted for an 80kΩ resistive load. For scheme II, the maximum power of 
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7.59µW was extracted for an 80kΩ resistive load. The extracted maximum power of 

scheme III was 17.18µW for an 88.5kΩ resistive load. Fig. 6.3 compares the PSpice 

simulation, bulge tester, and AWGR test results. It can be seen that the AWGR test 

results are very close to that of the bulge tester. Fig. 6.4 shows some waveforms of 

scheme III for an 80kΩ load.  

 

 

Table 6.1 Scheme I test results with AWGR. 

 

Load Resistance 

(kΩ) 

Output Voltage 

(V) 

Output Power 

(µW) 

30 0.302 3.04 

45 0.398 3.52 

52.4 0.442 3.73 

63.2 0.49 3.8 

67.2 0.505 3.8 

70.6 0.519 3.82 

80 0.554 3.84 

85 0.57 3.82 

88.5 0.582 3.83 

92 0.586 3.73 

97 0.6 3.72 

102 0.621 3.78 

110 0.642 3.75 

129.4 0.685 3.63 

139.4 0.706 3.58 

154.4 0.732 3.47 

184.1 0.776 3.27 

196.1 0.791 3.19 
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Table 6.2 Scheme II test results with AWGR. 

 

Load Resistance 

(kΩ) 

Output Voltage 

(V) 

Output Power 

(µW) 

30 0.42 5.88 

45 0.557 6.89 

52.4 0.616 7.24 

63.2 0.685 7.42 

67.2 0.709 7.48 

70.6 0.728 7.51 

80 0.779 7.59 

85 0.803 7.59 

88.5 0.818 7.56 

92 0.834 7.56 

97 0.856 7.55 

102 0.876 7.52 

110 0.907 7.48 

129.4 0.966 7.21 

139.4 0.995 7.1 

154.4 1.034 6.92 

184.1 1.095 6.51 

196.1 1.117 6.36 
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Table 6.3 Scheme III test results with AWGR. 

 

Load Resistance 

(kΩ) 

Output Voltage 

(V) 

Output Power 

(µW) 

30 0.639 13.61 

45 0.849 16 

52.4 0.93 16.51 

63.2 1.031 16.82 

67.2 1.068 16.97 

70.6 1.097 17.05 

80 1.171 17.14 

85 1.208 17.17 

88.5 1.233 17.18 

92 1.254 17.09 

97 1.286 17.05 

102 1.313 16.9 

110 1.349 16.54 

129.4 1.432 15.85 

139.4 1.466 15.42 

154.4 1.521 14.98 

184.1 1.621 14.27 

196.1 1.642 13.75 
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Fig. 6.3. Comparisons of the simulation, bulge tester, and AWGR results. 
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Fig. 6.4. Typical waveforms of scheme III from AWGR test. 
 Upper: output dc voltage; Middle: PCC input voltage; and Bottom: AWGR no-load 

output voltage.  
 

 

6.3 Efficiency Evaluation with the AWGR 

 

        During the test of the bulge tester, it is difficult to measure the input current. If 

we use a large current sensing resistor, it will degrade the PZT output power. If the 

sensing resistor is too small, we cannot measure the current accurately.  

 

        Since the AWGR has already been validated in the above section, we can now 

take full advantage of its capabilities. Fig. 6.5 illustrates the AWGR being connected 

to scheme III. From Fig. 6.5 we can easily see that SR  could be utilized to measure the 

input current to the PCC. Denote the voltage across SR  as 1V , and then the input 

current to the rectifier is 

                                                       
S

in R
V

I 1=                                                             (6-1) 
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        The input and output voltage of the rectifier stage can be readily measured, 

denoted here as inV  and 0V . Therefore, the input power is 

                                                       
S

in
ininin R

VV
IVP 1×

=×=                                      (6-2) 

        Since the output power is  

                                                       
L

out R
V

P
2

0=                                                            (6-3) 

        Hence, we can easily find the efficiency of the rectifier stage, which is expressed 

as 

                                                       
in

out

P
P

=η                                                              (6-4) 
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Fig. 6.5. AWGR connected to scheme III. 

 

 

        The efficiencies of scheme I ~ scheme III were evaluated based on the above-

mentioned method. For an 80kΩ resistive load, the efficiency of scheme I, II, and III is 

approximately 34%, 57%, and 92%, respectively. Fig. 6.6 shows the efficiency test 

results. Fig. 6.7 shows some waveforms for evaluating the efficiency of scheme III. It 

should be noted that since the base power (input power) for each scheme is quite 
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different (i.e., the power extraction ability of the three schemes are different), as 

shown in Table 6.4, a direct efficiency comparison couldn’t be made. In the future, 

after the charge pump is built, the AWGR can be used to estimate the efficiency of the 

entire PCC. 
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Fig. 6.6 Efficiency test results. 

 

 

Table 6.4 Efficiency test results for an 80kΩ resistive load. 
 

 Input Power (µW) Output Power (µW) Efficiency (%) 
Scheme I 11.48 3.94 34 
Scheme II 13.30 7.56 57 
Scheme III 18.70 17.27 92 

 

 

6.4 Summary 

 

        In this chapter, arbitrary waveform generator representation of the PZT 

membrane is developed. Test results of the three rectifier schemes with AWGR were 
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given. The AWGR test results are very close to that of the bulge tester. AWGR was 

used to evaluate the PCC efficiency. Test results show that the efficiency of scheme III 

is far more superior to that of scheme I and scheme II. 

 

        Compared to the bulge tester, the AWGR is programmable, flexible, more robust, 

and easier to operate. Therefore, tests can be performed on the AWGR, rather than 

directly on the bulge tester. For example, a P3 engine has been stacked with the 

AWGR in series. After the PZT and AWGR were synchronized, i.e., acquired the 

same frequency and phase, their outputs were added up successfully. This experiment 

shows the feasibility of cascading many P3 engines in the future to achieve increased 

output power. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) PCC input voltage 

 

Fig. 6.7. Waveforms for evaluating the efficiency of scheme III with AWGR. 
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(b) Voltage across Rs 

 

Fig. 6.7. Waveforms for evaluating the efficiency of scheme III with AWGR 
(continued). 
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7 CONCLUSIONS 

 

7.1 Conclusions 

 

        Advanced low power devices promote the development of micro power 

generators to replace the batteries to power them. Due to the trend in decreasing the IC 

supply voltages, power supply designers must face more and more serious challenges. 

Among these challenges are efficiency, response time, output ripple, size/weight, cost, 

etc.  

 

        A novel power conditioning circuit was proposed to extract maximum power 

from an MPG. The rectifier stage and the dc-dc regulator stage were designed 

separately. Three schemes of the rectifier were presented. The proposed rectifier stage 

is based on the synchronous rectification technique. The dc-dc regulator is a charge 

pump-based step-down converter to take advantage of the fact that no inductors would 

be required and that the PZT is capacitive. Interleaved discharge (ID) is proposed to 

reduce the output voltage ripple greatly, without sacrificing the converter efficiency. 

The proposed step-down charge pump was analyzed with state-space averaging. 

Simulation verifies the superiority of the proposed ID method. 

 

        In order to facilitate the PZT simulation in PSpice, a simplified PZT model was 

developed. The parameters in the simplified model can be easily obtained with an 

HP4284A Precision LCR Meter. This simplified PZT model is very easy to 

manipulate by PCC designers. The output voltage spectrum of the PZT was analyzed 

with the Fast Fourier Transform (FFT) so that the PSpice PZT model can generate the 

same waveforms as the real PZT membranes. After that, three possible rectifier 

topologies were simulated with PSpice. Because the research on the micro heat 

engines is still in progress at Washington State University, there exists some 

uncertainty in the dc link voltage level, i.e., the step-down ratio of the charge pump is 

unknown. As such, this work designed a generic step-down charge pump. A 5V/1.2V, 

200mW, 1% output ripple charge pump was simulated. Simulations show that the 
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interleaved discharge method takes full advantage of the step-down charge pump 

structure, and leads to some flexibilities in the design of step-down charge pumps. The 

designed 5V/1.2V, 200mW charge pump has an efficiency of 92.2%, with reduced 

output ripple. 

 

        Proof-of-concept demonstration includes a 4-stage completely passive charge 

pump driving an analog wristwatch, proving proper operation of the entire P3 micro 

power system. Performance of the proposed PCC is also verified experimentally. A 

maximum output power of 18.8µW can be extracted from a single piezoelectric MPG, 

with a rectifier efficiency of 92%. 

 

        Arbitrary waveform generator representation (AWGR) of the piezoelectric 

membrane is also presented. Compared to the bulge tester, the AWGR is 

programmable, flexible, more robust, and easier to operate. AWGR can be used to 

evaluate the efficiency of the designed PCC. AWGR facilitates future tests and 

demonstrates the feasibility of cascading many MPGs to achieve increased output 

power.  

 

 

7.2 Suggestions For Future Work 

 

        This work has proposed an interleaved discharge-based step-down charge pump 

to reduce the output voltage ripple. The effectiveness of the ID method was only 

verified by simulation. Therefore, future work is needed to verify this method 

experimentally. It is also desirable to integrate the power conditioning circuit on a 

single chip, with the potential exception of some of the external capacitors that are 

difficult to integrate on chip with current technology. 
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APPENDIX A. PSpice Simulation Netlists 

 
 

1. Netlist for Fig. 2.18 
 
* source NGO_1997 
D_D2B         0 N80886 D1N5822 5 
D_D3B         0 N17346 D1N5822 5 
D_D4B         0 N17337 D1N5822 5 
V_Vgs1         N78003 N78239   
+PULSE 0 5.205 0us 0.1us 0.1us 2.5us 10us 
M_S4         N78239 N82338 N17449 N17449 IRF520 
V_Vqs2         N82338 N17449   
+PULSE 0 10 2.7us 0.1us 0.1us 7us 10us 
M_S2         N17475 N82338 N17449 N17449 IRF520 
M_S3         N17510 N82338 N17449 N17449 IRF520 
C_C4         N17334 N78239  9.6uF   
C_C3         N17343 N17510  9.6uF   
C_C1         0 N17449  86.4uF   
C_C2         N173000 N17475  9.6uF   
R_RL         0 N17449  3   
R_Rc3         N17346 N17343  0.003   
R_Rc4         N17337 N17334  0.003   
R_Rc2         N80886 N173000  0.003   
V_Vs         N84845 0 55V 
M_Sc         N84845 N78003 N78239 N78239 IRF520 
D_D4A         N17337 N17510 D1N5822 5 
D_D2A         N80886 N17449 D1N5822 5 
D_D3A         N17346 N17475 D1N5822 5 
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2. Netlist for Fig. 2.20 
 
* source NGO_1997_MY 
D_D4B         0 N17337 D1N5822 5 
D_D3B         0 N17346 D1N5822 5 
D_D2B         0 N80886 D1N5822 5 
V_Vqs1         N78003 N78239   
+PULSE 0 5.8 0us 0.1us .1us 2.5us 10us 
V_Vqs2         N82516 N17449   
+PULSE 0 10 2.6us 0.1us .1us 2.26us 10us 
M_S4         N78239 N87660 N17449 N17449 IRF520 
M_S3         N17510 N82531 N17449 N17449 IRF520 
M_S2         N17475 N82516 N17449 N17449 IRF520 
V_Vqs4         N87660 N17449   
+PULSE 0 10 7.52us 0.1us .1us 2.26us 10us 
V_Vqs3         N82531 N17449   
+PULSE 0 10 5.06us 0.1us .1us 2.26us 10us 
C_C4         N17334 N78239  9.6uF   
C_C2         N17352 N17475  9.6uF   
C_C1         0 N17449  86.4uF   
C_C3         N17343 N17510  9.6uF   
R_Rc3         N17346 N17343  0.003   
R_RL         0 N17449  3   
R_Rc2         N80886 N17352  0.003   
R_Rc4         N17337 N17334  0.003   
V_Vs         N17562 0 55V 
M_Sc         N17562 N78003 N78239 N78239 IRF520 
D_D4A         N17337 N17510 D1N5822 5 
D_D3A         N17346 N17475 D1N5822 5 
D_D2A         N80886 N17449 D1N5822 5 
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3. Netlist for Fig. 3.7 
 
* source rectifier_scheme_1 
V_V2         N000660 N000661   
+SIN 0 0.5822 800 0 0 90 
V_V3         N000661 N000701   
+SIN 0 0.0417 1200 0 0 90 
V_V4         N000701 N000741   
+SIN 0 0.0143 1600 0 0 90 
V_V5         N000741 N000781   
+SIN 0 0.017 2000 0 0 90 
C_Co         0 N01610  10u   
V_V6         N000781 N009411   
+SIN 0 0.0111 2400 0 0 90 
V_V1         N00018 N000660   
+SIN 0 1 400 0 0 90 
R_Rs         N08732 N10147  470   
C_Cs         N00018 N08732  31.4n   
R_Rc         0 N10147  40k   
D_D1         N10147 N01610 D1N4152  
V_V7         N009411 0   
+SIN 0 0.0122 2800 0 0 90 
R_RL         0 N01610  80k   
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4. Netlist for Fig. 3.11 
 
* source rectifier_scheme_2 
V_V5         N000741 N000781   
+SIN 0 0.017 2000 0 0 90 
V_V4         N000701 N000741   
+SIN 0 0.0143 1600 0 0 90 
V_V3         N000661 N000701   
+SIN 0 0.0417 1200 0 0 90 
V_V2         N000660 N000661   
+SIN 0 0.5822 800 0 0 90 
C_Co         0 N01610  10u   
V_V1         N00018 N000660   
+SIN 0 1 400 0 0 90 
V_V6         N000781 N009411   
+SIN 0 0.0111 2400 0 0 90 
C_Cs         N00018 N08732  31.4n   
R_Rs         N08732 N10147  470   
D_D2         0 N10147 D1N4152  
D_D1         N10147 N01610 D1N4152  
V_V7         N009411 0   
+SIN 0 0.0122 2800 0 0 90 
R_RL         0 N01610  80k   
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5. Netlist for Fig. 3.13 
 
* source rectifier_scheme_3 
.EXTERNAL INPUT 3 
.EXTERNAL INPUT -3 
V_V5         N000741 N06359   
+SIN 0 0.017 2000 0 0 90 
V_V4         N000701 N000741   
+SIN 0 0.0143 1600 0 0 90 
V_V3         N00087 N000701   
+SIN 0 0.0417 1200 0 0 90 
V_V2         N00957 N00087   
+SIN 0 0.5822 800 0 0 90 
X_Q1         N18570 N07657 N06176 BS170/SIE 
X_Q2         N17462 0 N07657 BS170/SIE 
V_V6         N06359 N07280   
+SIN 0 0.0111 2400 0 0 90 
V_V1         N01063 N00957   
+SIN 0 1 400 0 0 90 
R_Rs         N08224 N07657  470   
C_Cs         N01063 N08224  31.4n   
C_C0         0 N06176  10u   
D_D2         0 N07657 D1N4152  
D_D1         N07657 N06176 D1N4152  
R_RL         0 N06176  80k   
X_U1A         N07657 N06176 3 -3 N18728 MAX922/MXM 
V_V9         3 0 3V 
V_V8         -3 0 -3V 
C_C3         0 N18570  .1uF   
R_R8         N18570 N18728  10   
V_V7         N07280 0   
+SIN 0 0.0122 2800 0 0 90 
X_U2A         0 N07657 3 -3 N17462 MAX922/MXM 
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6. Netlist for Fig. 3.16 
 
* source CP_conventional 
M_S4B         N17337 N86153 0 0 IRFZ34 
V_Vqsa         N78003 0   
+PULSE 0 10 0us 0.1us .1us 2.5us 10us 
V_Vqs1         N86153 N17452   
+PULSE 0 10 2.7us 0.1us .1us 7us 10us 
C_C4         N17334 N82294  10uF   
C_C3         N17343 N17512  10uF   
C_C1         0 N17452  50uF   
C_C2         N90443 N87431  10uF   
M_S2B         N84728 N86153 0 0 IRFZ34 
M_S3B         N17346 N86153 0 0 IRFZ34 
R_RL         0 N17452  7.2   
R_Rc3         N17346 N17343  0.003   
R_Rc4         N17337 N17334  0.003   
R_Rc2         N84728 N90443  0.003   
V_Vs         N17559 0 5V 
M_S4         N82294 N86153 N17452 N17452 IRFZ34 
M_S3         N17512 N86153 N17452 N17452 IRFZ34 
M_S2         N87431 N86153 N17452 N17452 IRFZ34 
M_S4A         N17512 N87759 N17337 N17337 IRFZ34 
V_Vqsb         N87759 0   
+PULSE 0 10 0us 0.1us .1us 2.5us 10us 
M_S3A         N87431 N87759 N17346 N17346 IRFZ34 
M_Sc         N17559 N78003 N82294 N82294 IRF520 
M_S2A         N17452 N87759 N84728 N84728 IRFZ34 
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7. Netlist for Fig. 3.18 
 
* source CP_ID 
V_Vqs4         N88378 0   
+PULSE 0 10 7.5us 0.1us .1us 2.2us 10us 
V_Vqs3         N81488 0   
+PULSE 0 10 5.1us 0.1us .1us 2.2us 10us 
M_S4B         N17337 N88378 0 0 IRFZ34 
V_Vqsa         N78003 0   
+PULSE 0 10 0us 0.1us .1us 2.5us 10us 
V_Vqs2         N86861 0   
+PULSE 0 10 2.7us 0.1us .1us 2.2us 10us 
C_C4         N17334 N82294  10uF   
C_C3         N17343 N17512  10uF   
C_C1         0 N17452  22uF   
C_C2         N173000 N17477  10uF   
M_S2B         N84728 N86861 0 0 IRFZ34 
M_S3B         N17346 N81488 0 0 IRFZ34 
R_RL         0 N17452  7.2   
R_Rc3         N17346 N17343  0.003   
R_RC4         N17337 N17334  0.003   
R_Rc2         N84728 N173000  0.003   
V_Vs         N17562 0 5V 
M_S4         N82294 N88378 N17452 N17452 IRFZ34 
M_S2         N17477 N86861 N17452 N17452 IRFZ34 
M_S3         N17512 N81488 N17452 N17452 IRFZ34 
M_S4A         N17512 N84387 N17337 N17337 IRFZ34 
V_Vqsb         N84387 0   
+PULSE 0 10 0us 0.1us .1us 2.5us 10us 
M_S3A         N17477 N84387 N17346 N17346 IRFZ34 
M_M25         N17562 N78003 N82294 N82294 IRF520 
M_S2A         N17452 N84387 N84728 N84728 IRFZ34 
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APPENDIX B. Operation Instructions for the Proof-of-Concept Demonstration Circuit 

 

 

        The operating positions of the toggle switches are labeled in Fig. 4-2. TS1~TS3 

all have three positions. TS4 has two positions. 

 

1) To charge the capacitors, pull the handles of TS1~TS4 to position 1 (see Fig. 

4.2). Measure the voltage Vparallel between the cathode of diode D1 and OUT-. 

It can be found that the voltage slowly increases. When Vparallel = 0.39V, pull 

all switches to position 2 following the order of TS4, TS3, TS2, and TS1. 

(MUST! Otherwise the capacitors may get discharged!) 

 

2) By pulling TS1 to position 3, and TS2 to position 3, the four capacitors will be 

re-connected in series. Measure the voltage Vo between OUT+ and OUT- (test 

points P+ and P- can be used for convenience), it should be Vo= 

Vparallel*4=0.39V*4=1.56V. Note, it will be observed that Vo keeps decreasing, 

even though the watch is not connected. This is due to the leakage current of 

the capacitors. 

 

        Make sure Vo is less than 1.58V, and then connect the watch to OUT+ and OUT-. 

Please make sure the polarities are correct. Note, the negative input of the watch can 

be connected to OUT- all the time, this will save the wire-connecting time. A rapid 

connecting operation can lead to a longer running time of the watch. 
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APPENDIX C. Operation Instructions for the AWGR 

 

 

        The output waveform of a PZT membrane has already been imported into the 

‘USR2’ function of AFG310. A picture of AFG310 is shown below. 

 

1) Turn on the power of AFG310 

2) Press the ‘FUNC’ button on the upper right of the front panel, scroll up or 

down by pressing INC/DEC control buttons, when ‘USR2’ function appears, 

select it by pressing the ‘ENTER’ button 

3) Press the ‘FREQ’ button on the upper right of the front panel, key in 100 (Hz) 

for the frequency from the numeric input keys, and press the ‘ENTER’ button 

4) Press the ‘AMPL’ button on the upper right of the front panel, key in 2.92 (V) 

for the amplitude from the numeric input keys, and press the ‘ENTER’ button 

5) Press the output button, and the output indicator should turn on 

6) Observe the output waveform with an oscilloscope, the shape of the waveform 

should look like that of a PZT membrane, the frequency should be 400Hz, and 

the peak-to-peak amplitude should be 2.5V 
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Abstract - This paper summarizes current designs of power 
supplies (PS’s) for industrial drives and presents a novel 
universal switch-mode power supply (SMPS) approach. 
Adjustments to the switching algorithm and transformer turns 
ratio are presented to improve ride-through characteristics and 
allow the SMPS to operate as a universal supply over a wide 
input voltage range, without the additional circuitry of current 
universal PS systems. The proposed approach can also overcome 
potential safety issues of common universal PS’s and is equally 
suitable to meet the requirements of many commercial systems. 
Simulation and experimental results on a 100W (5V/20A) half-
bridge SMPS are provided to demonstrate the proposed 
approach. 
 

I. INTRODUCTION 
 
        Power supplies are of importance to many commercial 
and industrial electrical systems and can be vulnerable to 
power system voltage sags and momentary interruptions. 
Example sensitive equipment includes computers, 
communication equipment, adjustable speed drives (ASDs) 
and a variety of aerospace/military devices. When this type of 
equipment suffers momentary interruptions or permanent trips, 
the result can be significant downtime and losses [1]-[6].  
        In recent years, ASD ride-through has gained increased 
attention [6]-[12]. In the case of ASDs, two major reasons for 
tripping have been identified [5], [6]: 
        a) Insufficient voltage for maintaining the ASD’s internal 
power supply voltages for the logic and control circuits. For a 
460V ASD whose internal power supply is derived from the 
ac-line, the “control power low” trip settings for single-phase, 
two-phase and three-phase voltage sags are typically around 
65%, 30% and 20%, respectively, of the nominal ac voltage 
[13]. 
        b) Insufficient voltage for maintaining the operation of 
the motor at the desired speed/torque set point. The under-
voltage trip point varies from manufacturer to manufacturer 
and depends on the application. Typical under-voltage dc-bus 
trip settings for a 460V ASD range from about 480V - 585V, 
or from 75-90% of the nominal dc-bus voltage.  
        Both of the above reasons for ASD tripping occur due to 
a reduction, or interruption, of the ac input voltages to the 

drive. A common assumption is that reductions and 
interruptions in the ac voltages supplying drives are a direct 
result of an event on the utility electric power system causing 
the drive to trip. However, the problem often lies in the 
external circuits that interface directly with a drive to control 
functions and operations such as “start/stop” and “enable” [5]. 
Most often these devices are powered by single-phase sources, 
making them susceptible to single-phase events, and 
potentially more prone to tripping than the drive.  
        Much attention has been paid recently to ASD ride-
through programming features [6], addressing external 
interface and control circuits, and providing a means for 
maintaining dc-bus voltages. Little work has been done on 
making the internal power supply more robust to disturbances.  
        Thus, this paper endeavors to develop a universal power 
supply approach (UPSA) that will provide additional ride-
through for both commercial and industrial switch-mode 
power supply (SMPS) systems. For this universal approach, 
the power supply input voltage can vary within a given range, 
while the output remains within the specified tolerances.  
        In section II, presently available universal power supply 
systems are reviewed. Section III proposes an automatic, 
efficient, cost effective and reliable UPSA that can be driven 
by a wide input range, for both commercial and industrial 
systems. Section IV presents simulation and experimental 
results on a on a 100W (5V/20A) half-bridge SMPS. Finally, 
section V draws conclusions. 
 

II. PRESENTLY AVAILABLE UNIVERSAL POWER 
SUPPLY SYSTEMS 

 
        Most modern universal power supplies utilize a standard 
approach to provide the required output voltage. The power 
supply circuitry typically comprises a rectifier, a dc/dc 
converter with isolation transformer, and a manual switch to 
select input range. As shown in Fig. 1, a manual switch is 
included in the voltage-doubler rectifier to accommodate 115 
Vac or 230 Vac input. When the switch is in the 230V position 
with a line voltage of 230V, the circuit acts as a bridge 

115 



   116

rectifier. With the switch in the 115V position and the line 
voltage of 115V, the circuit acts as a voltage doubler. This 
design has a potential safety issue, i.e., if a unit set for 115 
Vac is connected to 230 Vac, damage may occur. 
 
 

 
 
 
 
 
 
 

Fig. 1 A voltage-doubler rectifier used in common universal power supplies. 
 
        It is also common practice to provide a dc/dc converter, 
such as a pulse-width modulated chopper to convert a single-
phase ac power supply into a dc voltage for electric arc 
welding or plasma cutting [14]. These power supplies are 
specifically designed for 60Hz, 110V or 220V input. The 
circuitry is made up of a dual stage power supply including a 
first stage inverter with an active, switching type power factor 
correcting circuit to provide controlled dc input to the second 
stage inverter. This use of a two-inverter two-stage power 
supply for providing the power factor corrections and at the 
same time controlling the dc voltage at the output is 
complicated and expensive.  
        Survey [15] shows that typical ac/dc switching power 
supplies have universal input voltages, i.e., both 115 Vac and 
230 Vac, and example power ratings are as follows: 

� Personal computers               100-400 W 
� Workstations                         100-750 W 
� Telecommunications              50-500 W 
� Medical instruments             < 100 W 
� Process control equipment    100-700 W 

        To determine the types of power supply configurations 
used in industrial applications such as ASDs, the authors 
conducted a survey with the results shown in Table I.  Note, 
when the internal power supply input voltage is derived off the 
dc-bus, the ASD is less susceptible to ride-through 
disturbances. 
 

TABLE I CONFIGURATIONS OF ASD INTERNAL POWER SUPPLIES 

Type of internal power supply  
 

ASD Manufacturers 

Switch- Mode 
derived from ac 

input 

 
dc-Bus 

Converter 

 
Linear 

A X   

B  X  

C  X  

D X   

E  X  

F  X  

G X  X 

H  X  

III. PROPOSED UPSA 
 
       To realize the proposed UPSA, modifications are made to 
a common SMPS. The transformer output voltage is increased 
by reducing the turns ratio, thus allowing the duty cycle to be 
reduced for nominal input and output voltages. Hence, as the 
input voltage decreases, the duty ratio is automatically 
increased to maintain an acceptable power supply output 
voltage, i.e., to provide the power supply with enhanced ride-
through, without the additional circuitry required in current 
systems as described in section II. For a standard half-bridge 
converter, the duty cycle has a maximum of 0.5. Considering 
dead time, the duty cycle of an SMPS is usually between 0.2 
and 0.47 [16]. 
 

IV. SIMULATION AND EXPERIMENTAL RESULTS 
 
        Fig.2 shows the PSpice simulation schematic 
demonstrating the proposed UPSA that can be used in single-
phase commercial applications. A standard half-bridge 
converter topology is adopted, which is the most popular 
topology in a typical computer-based SMPS [17], [18], except 
in the proposed approach, the transformer turns ratio is 
modified. The SMPS is a 100W, 120V input and 5V output 
unit. For computer-based systems, the output tolerance is ±5% 
(±0.25V for a 5V nominal output) as dictated in [19], [20]. 
The simulation results are given in Fig. 3. In Fig. 3 (a), for the 
original (typical) transformer with turns ratio n=12:1, when 
Vin,rms=120V, to maintain the nominal output voltage, the duty 
cycle is D=0.23. However, as shown in Fig. 3 (b), after a 29% 
sag (71% remaining voltage), D will have to exceed 0.47, 
which is prohibited for a half-bridge converter because of the 
dead time needed. For the proposed approach, the transformer 
turns ratio is reduced to n=8:1. Thus, as shown in Fig. 3 (c) 
and (d), when the input voltage Vin,rms=120V, the duty cycle 
D=0.13; when Vin,rms=60V, due to a 50% voltage sag, the duty 
cycle is increased automatically, and Dmax=0.47. Thus, the 
power supply can maintain nominal output voltages and ride 
through a 50% voltage sag.  
        The proposed approach was then applied to a 100W 
(5V/20A) personal computer power supply. The experimental 
results are shown in Fig.4. In Fig. 4 (a), for the original 
(typical) transformer with turns ratio n=12:1, when 
Vin,rms=120V, to maintain the nominal output voltage, the duty 
cycle is D=0.21. However, as shown in Fig. 4 (b), after a 35% 
sag (65% remaining voltage), the output voltage will fall out 
of the required tolerance. For the proposed approach, the 
transformer turns ratio is decreased to n=8:1. Thus, as shown 
in Fig. 4 (c) and (d), when the input voltage Vin,rms=120V, the 
duty cycle D=0.14; when Vin,rms=60V, due to a 50% voltage 
sag, the duty cycle is increased automatically, and D=0.4. 
Thus, the power supply can maintain nominal output voltages 
and ride through a 50% voltage sag.  
        The simulation and experimental results show that the 
proposed approach can provide 50% ride-through for single-
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phase computer-based power supply systems. If applied to 
230V-input power supplies, it can still operate within 
tolerances when the input voltage drops to 115V. The manual 
switch in a common power supply can thus be cancelled, and 
the potential safety issue of applying the 115V setting to 230V 
no longer exists. 
 

V. CONCLUSIONS 
 
        This paper presents a new universal power supply 
approach (UPSA) to automatically provide nominal output 

voltages under a wide range of input voltage conditions, 
without the additional circuitry of current universal power 
supply systems. Thus UPSA-based PS’s can overcome the 
potential safety issue of a common universal power supply. 
Simulation and experimental results show that the proposed 
approach can provide 50% ride-through for single-phase 
computer-based power supply systems through simple 
modifications to the transformer turns ratio and switching duty 
cycle.  This approach can be applied to both commercial and 
industrial systems. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
        

Fig.2 Simulation schematic for the proposed UPSA. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
Fig.3  (a) Typical transformer turns ratio n=12:1,  

Vin,rms=120V, D=0.23, Vo=5.05. 
 
 

 
Fig.3 (b) Typical transformer turns ratio n=12:1,  

Vin,rms=84.85V (29% voltage sag), Dmax=0.47, 
Vo=4.89V.
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(c) Proposed transformer turns ratio n=8:1,  
Vin,rms=120V, D=0.13, Vo=5.11V. 

(d) Proposed transformer turns ratio n=8:1,  
Vin,rms=60V (50% voltage sag), Dmax=0.47, Vo=4.82V. 

 
Fig.3 Simulation results for a typical PS, and the proposed UPSA. 

 

                        
 

(a) Typical PS, Vin,rms =120V, D=0.21, Vo=5V. 
 

(b) Typical PS, Vin,rms =78V (35% voltage sag), D=0.36, Vo,min=4.8V.

                        
 

(c) Proposed, Vin,rms =120V, D=0.14, Vo=5V. (d) Proposed, Vin,rms =60V (50% voltage sag), D=0.4, Vo,min=4.75V. 
 

Fig.4 Experimental Results for a typical PS, and the proposed UPSA 
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Abstract – Low power devices promote the development of micro 
power generators (MPGs). This paper presents a novel power 
conditioning circuit (PCC) that enables maximum power 
extraction from a piezoelectric MPG. Synchronous rectification 
(SR) is employed to improve the PCC efficiency.  A simplified 
model of the piezoelectric generator is developed for simulation. 
Performance of the proposed PCC is verified by PSpice 
simulation and experimental results. A maximum output power 
of 18.8µµµµW has been extracted from a single piezoelectric MPG, 
with 92% efficiency of the PCC. Arbitrary waveform generator 
representation (AWGR) of the piezoelectric membrane is also 
presented. AWGR facilitates future tests and demonstrates the 
feasibility of cascading many MPGs to extract additional power. 
Future work will include integrating the PCC on a single chip.  
 

I. INTRODUCTION 

        The appearance of wearable electronic devices, such as 
mobile telephones and “Personal Digital Assistants” (PDAs) 
among others, has transformed the way people communicate 
and network. Wireless integrated network sensors (WINS) 
are widely used in civil and military applications. Advances 
in integrated circuit technology, following Moore’s Law, 
have enabled the reduction of the size/weight and energy 
requirement of these devices. For example, by 2005, the 
power consumption of the Bluetooth communication 
technique will drop to 5.1mW [1]. Usually, the above low 
power devices are powered by bulky batteries with a short 
service life. Battery replacement may also be difficult in 
applications such as unattended sensors.  

        An attractive alternative to batteries is micro power 
generators (MPGs), which have recently gained increased 
attention. An MPG is expected to be five-to-ten times smaller 
than a comparable battery [2], and features enhanced 
performance. Some MPGs can scavenge attainable energy 
from the environment of the system and convert it into useful 
electrical energy [3]-[5]. Feasibility of scavenging energy 
from human body/activities has been studied [1], [3], [6]. In 
[6], it is estimated that at least 500mW of useful electrical 
power can be harvested from usual clothes such as a cap. 
Therefore, it is possible to feed wearable systems from body 
heat dissipation via electrothermal conversion. In [3], 
researchers demonstrated that when people walk, parasitic 
power in shoes could be harvested to power a radio frequency 
tag that transmits a short-range, 12-bit wireless identification 
(ID) code. Other attainable ambient energy sources include 
mechanical energy [5], acoustic energy [7], etc. In [5], a 
system was proposed to convert ambient mechanical 
vibration into electrical energy, with an approximate net 
output power of 8µW. 

        However, little attention has been paid on how to extract 
maximum power from MPGs. In [8], an adaptive 
piezoelectric energy harvesting circuit was proposed to 
harvest maximum power from the vibrating piezoelectric 
transducer. However, the first stage of this circuit is a simple 
diode bridge rectifier, which is unsuitable for low-voltage 
MPGs whose output voltage is comparable to a diode forward 
voltage drop.  

        This paper will focus on the design of a power 
conditioning circuit (PCC) for use in conjunction with the 
MEMS-based P3 micro heat engine power generation system 
proposed by researchers at Washington State University [9]. 
A single P3 micro heat engine is expected to provide 1mW of 
continuous power with a power density of ~1W/cm3 and 
energy density of ~1000Whr/kg. This paper proposes a novel 
PCC based on synchronous rectification and charge pump 
techniques. The PCC draws useful electric power from the P3 
engine and converts it to the regulated voltage. In low-output-
voltage switch-mode power supplies (SMPSs), synchronous 
rectification (SR) has already been widely applied to improve 
power supply efficiency [10]. In this paper, SR is applied to 
the PCC for improved efficiency. The proof-of-concept 
demonstration includes a manually operated charge pump and 
a 1.5V analog watch.  

        This paper is organized as follows. Section II presents 
proof-of-concept demonstration and proposes the novel PCC. 
In section III, the proposed PCC is verified by PSpice 
simulation. The experimental setup, results and discussion are 
presented in sections IV and V, respectively. Arbitrary 
waveform generator representation (AWGR) of the PZT 
membrane is presented in section VI. Finally, section VII 
summarizes this paper and discusses future work. 

II. POWER CONDITIONING CIRCUIT 

        In the P3 engine, piezoelectric membranes generate an 
unregulated ac voltage. However, the targeted loads require 
regulated dc voltage. Therefore, a PCC is needed to draw 
useful electric power from the P3 engine and convert it to the 
regulated dc voltage. The PCC should also provide 
impedance matching between the P3 engine and the load, for 
maximum power delivery. The proposed PCC includes two 
stages: a rectifier as the first stage, and a dc-dc converter as 
the second stage. In an effort to achieve miniaturization, it is 
desirable to integrate the PCC on a single chip. Conventional 
dc-dc converters such as buck-boost converters feature high 
efficiency but they need bulky magnetic components. The 
charge pump is a promising dc-dc converter in that it is 
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composed of capacitors and MOSFETs, which both can be 
easily integrated on chip. The fact that the piezoelectric 
membrane is capacitive also makes a charge pump dc-dc 
converter more attractive. 

A. Proof-of-Concept Demonstration 

        For the purpose of proof-of-concept demonstration, a 
totally passive PCC has been designed, as shown in Fig. 1. 
Diode D1 rectifies the ac output of the P3 engine. The 4-stage 
charge pump is operated manually through four toggle 
switches. The load is an analog wristwatch. At the beginning 
of the project, a polyvinyldifluoride (PVDF) membrane 
served as the piezoelectric generator. The 4-stage charge 
pump has two operation stages: first, aluminum electrolytic 
capacitors C1~C4 are arranged in parallel, and charged to 
0.39V in about 2 minutes with no load; second, the four 
capacitors are connected in series to get 1.56V dc voltage, 
which runs the wristwatch for 5 seconds. Although the 
delivered power is very low, the simple demonstration does 
show that the system works. The resistor RC helps to extract 
additional power from the piezoelectric membrane. Fig. 2 
shows the relations between the capacitor charging time and 
capacitor terminal voltage at different RC values. Four 100µF 
capacitors were charged to 1.0Vdc in parallel. Different RC 
values were tested. The peak-to-peak output voltage of the 
piezoelectric generator is 2.09V. When RC=45kΩ, the 
charging time is minimized, about 8.5 times less than the case 
without RC.  
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B. Proposed Power Conditioning Circuit 

        At the current stage of the project, 21-layer lead 
zirconate titanate (PZT) membranes have been adopted as the 
piezoelectric generator. The output voltage of a single PZT 
membrane is in the range of 1.8~2.5VPP. In this case, the 
diode rectifier’s forward-voltage drop constitutes a significant 
fraction of the PZT output voltage. Even the commonly used 
Schottky diodes still have a relatively large voltage drop. 
Therefore, rectification is a nontrivial issue.  

        In this paper, synchronous rectification is employed to 
improve the PCC efficiency, as shown in Fig. 3. The 
comparator senses the source-drain voltage of the N-channel 
MOSFET. The MOSFET can only work in the third quadrant, 
i.e., it only conducts when the source of the MOSFET is 
positive with respect to its drain. The MOSFET body diode 
would not be forward-biased due to the very low on-state 
resistance RDS of the MOSFET. When the drain of the 
MOSFET is positive with respect to its source, the body 
diode is reverse-biased. 
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                        Fig. 3. Proposed PCC with synchronous rectification. 

 

Fig. 1.  Demonstration of completely passive proof-of-concept PCC for MPG. 
 

Fig. 2.  The effect of Rc on the capacitor charging time. 
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III. PSPICE SIMULATION 

 
        In this section, possible rectifier topologies in the PCC 
are simulated with PSpice. Fig. 4 (a) shows the commonly 
used Van Dyke’s model for representing the equivalent 
circuit of a piezoelectric membrane. L1, C1, and R1 are mass, 
elastic compliance and mechanical damping transformed into 
electrical magnitude by the piezoelectric effect, respectively. 
C0 is the capacitance in the absence of mechanical 
deformation at the resonant frequency [11]. From the point-
of-view of power extraction, the PZT should work at 
resonance. Therefore, instead of using Van Dyke’s model in 
the simulation, a simplified model as shown in Fig. 4 (b) has 
been developed for PSpice simulation. The effectiveness of 
the simplified model will be verified in section V. By using 
this simplified model, PCC designers need not worry about 
the complex parameters of the piezoelectric generator. The 
parameters in the simplified model were obtained with an 
HP4284A Precision LCR Meter. 
         
 

 
 
 
 
 
 
 
 
 
 

(a) Van Dyke’s model             (b) Simplified model 
Fig. 4. Equivalent model of the piezoelectric generator. 

 
        In the PSpice simulation, in order to generate the same 
waveforms as a real P3 cell, the harmonics of the PZT output 
waveform were computed with Matlab. The result is shown 
in Fig. 5. The 2nd – 7th harmonics were considered in the 
PSpice model.  
 
        Three schemes as shown in Fig. 6 are considered to be 
possible rectifier topologies and are compared in the 
simulation. Scheme I is taken from the proof-of-concept 
demonstration in Fig. 1. Scheme II replaces RC in scheme I 
with a diode, looking like an ac-dc voltage doubler [12], 
which is shown in Fig. 7. The difference is that in scheme II, 
the inherent capacitance of the piezoelectric membrane is 
uncontrollable for PCC designers. Scheme III is the modified 
SR and is expected to further increase the extracted power 
from the piezoelectric generator. Fig. 8 shows the PSpice 
schematic and simulation waveforms for scheme III. 
Comparison of the simulation results for the three schemes is 
shown in Fig. 13. The PSpice simulation shows that the 
maximum extracted power with scheme II and scheme III are 
225% and 412%, respectively, of that with scheme I.   

 
 
 
 
 
 

 
 
 
 
 

Fig. 5. FFT of an actual PZT output waveform. 
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(a) Scheme I: diode-resistor pair rectifier. 
 

~ +

-
Co

RL

31.4nF 470
D1

PZT equivalent
model D2

 
 

(b) Scheme II: diode-diode pair rectifier. 
 
 

 
 
 
 
 
 
 
 
 
 

(c) Scheme III: modified synchronous rectifier. 
 

Fig. 6. Possible rectification topologies 
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Fig. 7.  An ac-dc voltage doubler. 
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(a) Schematic 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Simulation waveforms. Upper: dc output voltage; Middle: PZT output 
with load; Bottom: PZT output with no load 

Fig. 8.  PSpice simulation for scheme III. 
 

IV. EXPERIMENTAL SETUP 

        The experimental setup is shown in Fig. 9. It is based on 
the bulge tester and the PZT membranes provided by co-
researchers at Washington State University. The bulge tester 
is used to simulate the action of the micro heat engine that 
drives the PZT membranes [13]. PZT membranes of different 
sizes are fabricated on a wafer. An actuator in the bulge tester 
provides the periodic mechanical excitation to the PZT 
 
 
 
 
 
 
 
 
 
 
 
 

membrane, which generates an ac voltage. The PCC then 
converts this ac voltage into the regulated dc voltage required 
by the load. The actuator is driven by a sine wave input in the 
range of -20Vac~120Vac, provided by a programmable 
source, in the Motor Systems Resource Facility (MSRF) at 
Oregon State University. A dc power supply is connected in 
series to the programmable source to provide the necessary 
offset. Fig. 10 shows the photos of the bulge tester and the 
wafer within its holder. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10. Photos of (a) Bulge tester, and (b) Wafer and its holder. 
 

V. EXPERIMENTAL RESULTS AND DISCUSSION 

        The three rectification schemes in Fig. 6 were tested 
with the bulge tester. The PZT membranes’ resonant 
frequency is about 400Hz. Fig. 11 (a) shows a typical PZT 
output voltage waveform at no load. Fig. 11 (b) and (c) shows 
the scheme III dc output voltage and PZT terminal voltage 
waveform, respectively, with a 70.6kΩ resistive load.  The 
extracted powers at different loads for the three rectification 
schemes are shown in Fig. 13. From Fig. 13, it can be noted 
that scheme I can extract a maximum power of 3.7µW with 
an 80kΩ load. The maximum power extracted by scheme II 
and scheme III is 212% and 508% of that of scheme I, 
respectively. Also, in Fig. 13, the PSpice simulation results 
coincide very well with the test results of the bulge tester. 
Hence, the simplified model for the piezoelectric generator 
used in PSpice simulation is verified.  

        For scheme III, the power consumption of the 
comparators should not present a problem, since off-the-shelf 
comparators with a supply current of only 0.38µA are  
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currently available. Considering this power consumption (3V, 
2.28µW), the extracted power is still 447% of that of scheme 
I. In the future, with the PCC being integrated on a single 
chip, the comparator power consumption will be further 
decreased. A low power rechargeable “button-cell” battery 
can start up the circuit. During normal operation of the MPG, 
the battery will be trickle charged. In fact, scheme III has 
another potential advantage. A simple study on Fig. 6 (c) 
shows that the body diodes of the two MOSFETs have 
actually formed a diode-diode pair rectifier, i.e., scheme II. If 
there are no power supplies for the comparators, then scheme 
III will be degraded into scheme II, and there will still be dc 
output voltage. This voltage can then be regulated with on-
chip charge pumps to drive the comparators, and scheme III 
will be activated, i.e., the circuit can be self-started. 
Therefore, it is possible to develop a totally passive PCC with 
scheme III.   
 

 
 

(a) No load PZT output voltage waveform 
 

 
 

(b) dc output voltage waveform with 70.6kΩ load 
 

 
 

(c) PZT terminal voltage waveform with 70.6kΩ load 
 

Fig. 11. PZT output waveforms from the bulge tester. 
 

VI. ARBITRARY WAVEFORM GENERATOR REPRESENTATION 
OF THE PZT MEMBRANE 

        Since the power level of a single generator cell is very 
low, in order to achieve higher power, it is necessary to 
connect many cells in series or in parallel according to the 
load requirements. At the current stage of the project, it is 
obviously impractical to build many bulge testers for high 
power experiments. An alternative to the bulge tester is to 
develop a representative system with an arbitrary waveform 
generator and the necessary interfacing circuits.  

        An arbitrary waveform generator representation 
(AWGR) of a generator cell has been developed, as shown in 
Fig. 12. The interface circuit is obtained with the PZT 
impedance parameters. The actual waveform of a P3 cell is 
transferred to the arbitrary function generator AFG310 via 
GPIB cable. All three rectifier schemes were studied with the 
AWGR, and the results are again shown in Fig. 13 for 
comparison. Fig. 13 shows that the AWGR test results are 
very close to that of the bulge tester. Fig. 14 shows some 
waveforms for scheme III with an 80kΩ load. The terminal 
voltage and current of the interface circuit can be measured to 
calculate the input power of the PCC. Therefore, the rectifier 
efficiency can be evaluated. The efficiency of scheme III is 
approximately 92% with an 80kΩ resistive load. The 
efficiency of scheme II is only 68% with the same load. 
Compared to the bulge tester, the AWGR is programmable, 
flexible, more robust, and easier to operate. Therefore, tests 
can be performed on the AWGR, rather than directly on the 
bulge tester. For example, a P3 engine has been stacked with 
the AWGR in series. After the PZT and AWGR were 
synchronized, i.e., acquired the same frequency and phase, 
their outputs were added up successfully. This experiment 
shows the feasibility of cascading many P3 engines in the 
future to achieve increased output power. 
 

AFG310

Interface circuit

Power conditioning circiuit

Load

AWGR

Regulated
DC Voltage

 
Fig. 12. Schematic of the AWGR. 
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Fig. 14. AWGR waveforms. Upper: dc output voltage with 80kΩ load; 

Middle: AWGR terminal voltage with 80kΩ load; Bottom: AWGR terminal 
voltage with no load. 

VI. CONCLUSIONS AND FUTURE WORK 

        Low power devices promote the development of micro 
power generators (MPGs). A novel power conditioning 
circuit (PCC) is proposed to extract maximum power from an 
MPG, using synchronous rectification (SR) technology 
applied to the primary side of the PCC. Proof-of-concept 
demonstration includes a 4-stage completely passive charge 
pump driving an analog wristwatch, proving proper operation 
of the entire P3 micro power system. A simplified model of 
the piezoelectric generator is developed and verified through 
PSpice simulation. Performance of the proposed PCC is also 
verified by PSpice simulation as well as experimentally. A 
maximum output power of 18.8µW can be extracted from a 
single piezoelectric MPG, with a PCC efficiency of 92%. 
Arbitrary waveform generator representation (AWGR) of the 
piezoelectric membrane is also presented. AWGR facilitates 
future tests and demonstrates the feasibility of cascading 
many MPGs to achieve increased output power. Future work 
will include integrating the PCC on a single chip.   
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Abstract – Rapidly dropping power supply voltages and tight 
voltage regulation requirements for integrated circuits challenge 
power supply designers. A novel interleaved discharge (ID) 
approach is proposed to reduce the output ripple in step-down 
switched-capacitor (SC) dc-dc converters. The proposed ID 
approach provides flexibility in optimizing the design of SC dc-
dc converters. 

 
I. INTRODUCTION 

 

        Power supply voltages for integrated circuits (ICs) are 
being reduced steadily in an effort to increase integration 
densities and reduce power dissipation. According to [1], the 
2002 “International Technology Roadmap for 
Semiconductors”, by 2016, the supply voltage for high 
performance ICs will drop to only 0.4V. Along with the 
plummeting supply voltages, the currents drained by ICs are 
going to be much higher due to increasing power 
requirements. This trend presents power supply designers 
with many tough challenges, such as supply efficiency, 
regulation, ripple, response time, size/weight, cost, power bus 
architecture, etc, [2], [3]. In applications such as computers, a 
higher voltage (e.g., 12V) is more suitable for efficient power 
delivery, because of reduced resistive losses in the copper 
traces on printed circuit boards. The voltage delivered on-
board needs to be converted into required supply voltages 
through voltage regulator modules (VRMs) [4]. Therefore, 
for future low-voltage applications, step-down (buck) dc-dc 
converters are becoming important. In conventional switch-
mode power supplies (SMPSs), due to the use of magnetic 
components (inductor and transformer), it is difficult to 
achieve high power density and low cost designs. 

        In recent years, switched-capacitor (SC) dc-dc 
converters (also known as charge pumps) have gained 
increased attention [5]-[8]. There have already been many 
commercial products in use [9], [10]. The increasing 
popularity of SC dc-dc converters is mainly due to their 
unique features: they consist of only switches and capacitors, 
and energy transfer is achieved by controlling the charging 
and discharging process of the capacitors. Because no 
magnetic components are needed, SC dc-dc converters are 
amenable to single chip integration. 

        Thus far, the output ripple issues in SC dc-dc converters 
have only received limited attention. In SMPSs, the 
percentage output voltage ripple is usually specified to be less 
than 1% [11]. The value of the output capacitance can be 
simply increased to meet the ripple specification, but this 

method may not meet low-cost and high-power density 
design requirements. Interleaving techniques have already 
been used in low-voltage high-current SMPSs to improve the 
power level [12]-[14], as shown in Fig. 1. The N converter 
cells are physically paralleled and operated at the same 
switching frequency, but are phase-shifted by 2π/N with 
respect to one another. By interleaving N-paralleled converter 
cells, the input/output ripple can be reduced by 1/N or more. 
The cost of this interleaving technique is increased 
component count and complicated control. Interleaving 
technique has also found its use in SC dc-dc converters to 
reduce output ripple [7], [10]. 
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Fig.1. Interleaving technique 
 

        In this digest, conventional step-down SC dc-dc 
converters are first reviewed, after which a new approach to 
reducing the output ripple is proposed, taking full advantage 
of the structure of step-down SC dc-dc converters. In Section 
III, the proposed approach is analyzed using state-space 
averaging. Simulation results are provided in Section IV to 
demonstrate the effectiveness of the proposed approach. 
Experimental results are being pursued and will be included 
in the final paper. 
 

II. PROPOSED INTERLEAVED DISCHARGE 
APPROACH 

 

A. Conventional Step-Down SC dc-dc Converter 

        Fig. 2 (a) shows the schematic of a conventional n-stage 
step-down SC dc-dc converter. Its timing diagram and some 
theoretical waveforms are shown in Fig. 2(b). In each 
switching cycle, the circuit goes through two different 
switching states. During ton, capacitors C1~Cn (called pump 
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capacitors) are charged in series through S1, and D1 to Dn-1. 
The output capacitor Co supplies the load during this interval. 
During toff, the pump capacitors are connected in parallel 
through diodes D1A ~ Dn-1A and D2B ~ DnB, so that they can be 
discharged simultaneously to the load through S2. The output 
voltage is ideally 
                                       

n
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V s
o =                                             (1)                                                                                             

RL
+

-
Co

S2S1

C2C1

D2B

D1

D1A

Vs

D2A

C3

D3A

D2
D3B

Cn

Dn-1
DnB

 
(a) Circuit 

t

Vo
oV∆

t

VC1 ~VCn

S2

t
Ts

t

S1

ton toff

 
(b) Timing diagram and waveforms 

Fig. 2. Conventional n-stage step-down SC dc-dc converter 
 
B. Proposed Step-Down SC dc-dc Converter with Interleaved 
Discharge 

        The proposed n-stage step-down SC dc-dc converter is 
shown in Fig. 3 (a). Unlike in a conventional step-down SC 
dc-dc converter where the pump capacitors are discharged 
simultaneously, in the proposed SC dc-dc converter the pump 
capacitors are discharged one by one, which is here termed 
interleaved discharge (ID). To realize interleaved discharge 
of the pump capacitors, diodes D1A~Dn-1A and DnB in Fig. 2 
(a) are replaced by power switches. For an n-stage step-down 
SC dc-dc converter, the interleaved discharging process is 
realized by introducing a phase shift of 2π/n to each pump 
capacitor during the discharging interval. Therefore, by 
applying the ID method we could obtain an output ripple with 
a frequency of nTS. Because the output voltage ripple is 
inversely proportional to the ripple frequency, the output 
ripple can be reduced by n times. Fig. 3 (b) shows the timing 
diagram and waveforms for the proposed SC dc-dc converter. 
It can be seen that while C1 is being discharged, other 
capacitors are kept untouched, i.e., their voltages don’t 
change. The similar process is repeated to other capacitors till 
the end of toff. Compared to Fig. 2 (b), the output voltage VO 
in Fig. 3 (b) has higher frequency and reduced peak-peak 
ripple, with the same capacitors. Fig. 4 shows the circuit 

configuration during different switching states. Discharging 
intervals 2~n are similar to Fig. 4 (b), except include a phase 
shift of 2π/n. 
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Fig. 3. Proposed step-down SC dc-dc converter with interleaved 

discharge 
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Fig. 4. Circuit configuration of the proposed step-down SC dc-dc 
converter during different switching states 
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        The proposed ID method is also a kind of interleaving 
technique. However, it is different from the conventional 
interleaving technique as already shown in Fig. 1. The ID 
method takes full advantage of the special structure of the 
step-down SC dc-dc converters, and it does not need any 
extra converter cells. The ID method does need some extra 
driving signals for the switches, but simple circuits such as 
flip-flops can be used. 

        It should be pointed out that the power switches (in Fig. 
3(a)) that replace the original diodes (in Fig. 2(a)) would not 
present difficulties since it is possible to integrate power 
switches on chip in low-power applications. In order to obtain 
high efficiency in low-voltage low-power applications, all of 
the diodes should be replaced by power switches. Also, 
floating diodes are difficult to realize in CMOS. For medium- 
power conventional SC dc-dc converters, replacing the diodes 
with power switches can still improve the efficiency. The ID 
method can be applied to any step-down SC dc-dc converters. 

 
III. STEADY-STATE ANALYSIS 

 
        Fig. 5 shows a step-down SC dc-dc converter that was 
proposed in [5]. As can be seen from Fig. 5, this circuit has 
employed the interleaving technique, i.e., two identical cells 
work in antiphase. Since the ID method can be applied to any 
step-down SC dc-dc converters, the converter in Fig. 5 is here 
used as an example to analyze the steady-state performance 
of the proposed ID approach (see Fig. 6).  In Fig. 6, switches 
S5 to S8 replace the original diodes D1, D3, D4, and D6 in Fig. 
5. Suppose the diodes are replaced with switches that also 
have a voltage drop of Vd, so that we can make a fair 
comparison of the steady-state output voltages of the 
converters in Fig. 5 and Fig. 6. The steady-state output 
voltages in Fig. 5 are as follows [5] 
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Here, r represents the equivalent series resistance (ESR) of 
capacitors C1~C4, r1 is the on-resistance of S1 and S3, and r2 
for S2 and S4. 

        The converter in Fig. 6 is analyzed using state-space 
averaging [15]. Suppose the charging time ton is less than 
Ts/4, and then there will be a total of six switching states. Let 
the state variables represent the voltages of capacitors C1~C4 
and Co. Thus, the state equations for each switching state is 
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Fig. 5. Step-down SC dc-dc converter proposed in [5] 
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Fig. 6. Proposed ID method applied to the converter in Fig. 5. 
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Where the weight dk denotes the ratio of each switching 
interval tk to the switching period Ts. 

        To get the steady-state output voltage expression, we let 

0)( =
•

tX av
, therefore UBAtX avavav

1)( −−=                          (5)  
        The state equations for each of the switching states can 
be obtained following the similar method in [5]. After that, 
the matrices in the average state equation are obtain as 
follows 
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        Applying (5), we then obtain the steady-state output 
voltage as 
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        The only difference between (7) and (2) is that the 
second factor in the denominator of (7) contains one more 
ESR. Since r/RL <<1, the steady-state output voltage of the 
ID-based charge pump is very close to that of [5]. Therefore, 
the efficiency of the ID-based SC converter should be very 
close to that of the conventional one, which means that the ID 
method does not sacrifice the converter efficiency. 

 
IV. VERIFICATION BY SIMULATION 

 
        In [6], a 48W, 55V/12V switched-capacitor dc-dc 
converter was proposed, as shown in Fig. 7. In this section, 
the proposed ID method is applied to this converter. Fig. 8 
illustrates the PSpice simulation waveforms without using the 
ID method. Fig. 9 shows the PSpice simulation waveforms 
using the proposed ID method. Note that in Fig. 8 (a) to (c) 
the voltage waveforms of C2 to C4 are in phase, which is the 
feature of conventional step-down SC dc-dc converters. In 
Fig. 9 (a) to (c), a phase shift exists in the voltage waveforms 
of C2 to C4. After using the proposed ID method, the output 

ripple (Fig. 9 (d)) is much smaller than that of a conventional 
step-down SC dc-dc converter, as shown in Fig. 8 (d). 

        The simulation results of both cases are tabulated in 
Table 1. It is shown that the proposed ID method can reduce 
the output ripple by a factor of 3, without sacrificing the 
converter efficiency. Thus, the effectiveness of the proposed 
ID method is verified by simulation. 
 

TABLE 1 SIMULATED PERFORMANCE COMPARISONS OF A 
STEP-DOWN SC DC-DC CONVERTER WITH AND WITHOUT ID 

APPROACH 

 Average 
Output 

voltage (V) 

Average 
Input 

current (A) 

Efficiency 
(%) 

Output 
Ripple 
(mV) 

In [6] 
(without 

ID) 

11.98 1.0015 Not given * 94 

This work 
(with ID) 

11.94 1.008 85.70 24 

  * In [6], the provided theoretical efficiency was 87.2%, and the 
experimental efficiency was 82.3%. 
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Fig. 7. Four-stage SC dc-dc converter proposed in [6]. 

C2=C3=C4=9.6µF, C1=86.4µF, RL=3Ω, Vin=55V, Vo=12V, 
fs=100kHz. 

 
V. CONCLUSIONS 

 
        In this digest, an interleaved discharge (ID) approach 
was proposed to reduce the output ripple in switched-
capacitor-based step-down dc-dc converters. The proposed 
ID approach takes full advantage of the structure of step-
down SC dc-dc converters.  The steady-state performance of 
the proposed step-down SC dc-dc converter was analyzed 
using state-space averaging. Simulation of a four-stage SC 
dc-dc converter shows that the ID approach can reduce the 
output ripple by a factor of 3, without sacrificing the 
converter efficiency. The proposed ID approach is suitable 
for any step-down SC dc-dc converter. 
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        The proposed ID approach not only provides the 
possibility to reduce the output ripple, but also provides some 
flexibility in optimizing the design of step-down SC dc-dc 
converters. Considering the fact that the proposed ID 
approach effectively increases the ripple frequency, it is not 
difficult to conclude that the ID approach can be used for 
other benefits: if the output ripple is kept constant, we can 
reduce the capacitance value of the output filter for lower cost 
and higher power density, or reduce the switching frequency 
for higher efficiency due to reduced switching losses.  
Experimental results are currently being pursued and will be 
included in the final paper. 
 

 
Fig. 8. Simulation waveforms without interleaved discharge (ID). 

(a)~(c) Voltages of C2~C4, (d) Output voltage 
 
 

 
 

Fig. 9. Simulation waveforms with interleaved discharge (ID). 
(a)~(c) Voltages of C2~C4, (d) Output voltage 
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Abstract – This digest presents a switched reluctance motor 
(SRM) based actuator for use on the landing craft air 
cushion (LCAC), to replace the existing hydraulic systems 
that control the steering vanes. The proposed SRM-based 
actuator enables the reduction of complexity, weight, and 
maintenance associated with conventional hydraulic 
systems. The proposed actuator consists of an SRM and a 
high-efficiency screw with suitable mechanical advantage. 
A preliminary SRM is designed with an analytical method, 
and then verified with an SRM design package – the 
Switched Reluctance Design and Simulation (SRDaS) 
program. A proof-of-concept demonstration has been set up 
to show the basic functionality of the proposed SRM-based 
actuator. Future work includes investigating the application 
of high-flux-density lamination materials as well as 
optimized operational speeds and dimensions of the SRM 
design. 

 
I. INTRODUCTION 

 
        Recently, the U.S. Navy concept of the all-
electric ship (AES) has gained increased attention [1]-
[3]. Some of the important benefits of an AES include 
[1], [2]: 
 

�� Improved performance 
��Reduced complexity and weight 
��Reduced maintenance costs 
��Reduced signatures 
�� Increased survivability 

 
        In keeping with the Navy’s efforts to develop 
AESs, this digest presents a switched reluctance motor 
(SRM) based actuator for use on the U.S. Navy 
landing craft air cushion (LCAC). The proposed 
actuator will be used to replace the existing hydraulic 
systems that control the steering vanes of the LCAC. 
The conventional hydraulic systems, as shown in Fig. 
1, need frequent costly maintenance. 

        To realize the required linear motion, the 
proposed actuator consists of an SRM drive and a 
roller-screw, which is connected to the rotor of the 
SRM. The function of the screw is twofold. First, it 
converts the rotational motion of the SRM rotor into 
linear motion required by the rudder control. Second, 
it provides suitable mechanical advantage for the 
actuator. Insufficient mechanical advantage will lead 
to impractical motor size and weight. An SRM is 
chosen because of its simple structure, ruggedness, and 
fault-tolerance capabilities [4]. Compared to other 
electric motors, an SRM also features high power 
densities. The proposed SRM-based actuator enables 
the reduction of complexity, weight, and maintenance 
associated with conventional hydraulic systems. 
 

 
Fig. 1. Conventional hydraulic steering vane control system 

of the LCAC. 
 
        This digest is arranged as follows: in Section II, a 
preliminary SRM is designed with an analytical 
method, which is then verified with the Switched 
Reluctance Design and Simulation (SRDaS) program. 
Section III presents the sensorless controller design.  A 
proof-of-concept demonstration is provided in Section 
IV to show the basic functionality of the proposed 
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actuation system. Section V summarizes the digest. 
Experimental results for the fully scaled actuator will 
be included in the final paper, as well as the 
investigation of high-flux-density lamination materials 
and optimized operational speeds and dimensions of 
the SRM design. 
 

II. DESIGN OF THE SRM 
 

        Two techniques are combined to design the SRM. 
First, the analytical method introduced in [5] is used to 
give a relatively quick preliminary design. Then, 
SRDaS is employed, using finite element analysis, to 
verify and refine the preliminary design.  
 
A. Actuator Specifications 
        The specifications of the actuator are listed in 
Table 1. Note that the total weight of the actuator is a 
key design parameter. Based on the specifications 
given in Table 1, the minimum output power of the 
SRM can be easily calculated, as shown in Table 2. 
This work focuses on the popular 4-phase, 8/6 
machine, which was chosen from consideration of its 
fault-tolerance capability, converter complexity, and 
system efficiency.  
 

TABLE 1 ACTUATOR SPECIFICATIONS 
Parameter Value 
Input AC voltage 
   -- 3 phase, line-to-line, rms 

200 V 

Input frequency 400 Hz 
Stroke 5.6 inch 
Speed 5.5 inch/sec 
Total weight ≤12 lbs 
Operating thrust 1100 lbs 

 
 

TABLE 2 CALCULATION OF THE MINIMUM OUTPUT 
POWER OF THE SRM 

Parameter Value 
Pitch of thread of the screw 0.25 inch 
Screw efficiency 0.80 
Screw diameter 1.00 inch 
Mechanical advantage of the screw 10.05 
Force applied to the screw 109.42 lbs 
Motor output torque 54.71 lb-inch 
 = 6.18 Nm 
Screw revolutions per full stroke 20.40 
Rotational speed of screw  22.00 rev/sec 
 = 1320 rpm 
Angular speed of screw 138.23 rad/sec 
Motor min. output power 1.15 hp 

B. Preliminary SRM design with analytical method [5] 
        In [5], Praveen presented a step-by-step analytical 
procedure for designing SRMs. In this subsection, a 
preliminary SRM is designed with this method. The 
main parameters of the preliminary design are 
tabulated in Table 3. The relationship between the flux 
linkage and phase current is shown in Fig. 2. 
 

TABLE 3 MAIN PARAMETERS OF THE 
PRELIMINARY SRM 

Parameter Value 
Rated torque 6.2 Nm 
Rated speed 1320 rpm 
Stator outer radius 71 mm 
Rotor outer radius 33.5 mm 
Shaft length 181 mm 
Stack length 55 mm 
Air gap 0.25 mm 
Number of windings 166 
Aligned inductance 18.2 mH 
Unaligned inductance 4.2 mH 
Total weight of the motor 11 lbs 

 

 
Fig. 2. Plot of Flux Linkage vs. Current for the Preliminary 

Design. 
 
C. Verification of the SRM design with SRDaS [6] 
        In this subsection, SRDaS, developed by 
Rasmussen [6], is employed to verify the above 
designed SRM. The finite element method (FEM) is 
used in SRDaS. All of the parameters of the SRM are 
directly taken from the preliminary design. Fig. 3 
shows the design interface in SRDaS. The plots of flux 
linkage vs. current and static torque vs. rotor position 
are shown in Fig. 4 and Fig. 5, respectively. By 
comparing Fig. 2 with Fig. 4, we can observe that the 
analytical method is conservative. The calculated total 

aligned 

unaligned
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weight of the motor is about 11.8 lbs, which is very 
close to that of the preliminary design. The efficiency 
of the SRM is 75%, and it has been found that 82% of 
the power loss is due to copper loss. In the future, 
high-flux-density lamination materials, such as 
permendur, will be investigated to improve the SRM 
efficiency and optimize the SRM design. 
 

 
Fig. 3. SRM design interface in SRDaS. 

 

 
Fig. 4. Flux linkage vs. current in SRDaS simulation. 

 

 
Fig. 5. Static torque vs. rotor position  

(as functions of current). 

III. SENSORLESS CONTROLLER DESIGN 
 

        For the converter stage, the classic bridge 
converter is selected as being suitable, as its fault-
tolerance capability is very important for the LCAC 
application. Fig. 6 illustrates the topology of the power 
converter, in which the coils A, B, C & D are the 
“phases” of the SRM. 
 

 

Vdc 

- 

+ 

A B C D 
 

 
 

Fig. 6. Classic bridge converter. 
 
        The excitation of the SR motor phase current 
needs precise control with respect to its rotor angle. 
The phase inductance variation is the main challenge 
for the controller design, but it also makes it possible 
to realize the sensorless control just based on the 
magnetic characteristics of the SR motor.  
 
        One approach [7] is to build a 3-D look-up table 
of the rotor angle, phase current and the flux, which 
can be obtained through FEM analysis or the 
experimental results. The flux could be obtained by 
voltage integration. Based on the current and the 
calculated flux, the instantaneous rotor position can be 
found from the look-up table. Unfortunately the 
integration step makes this method unsuitable for low 
speed operation, especially during the starting period. 
Since this application focuses on frequent low-speed, 
high torque ranges, pulse voltage and current 
waveform detection is a better choice.  
 
        Another current-changing-ratio method is 
mentioned in [8]. Following the equation: 
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)(IΛ -- Phase inductance profile matrix for 
aligned, midway, and unaligned positions 

i∆  -- Peak-peak hysteresis current band 
α --  -1 for hard chopping, 0 for soft chopping 
V -- DC link voltage 

offon tt , -- Rise and fall time in one cycle  

 
        By analyzing the real phase current in its constant 
range, we can easily estimate the rotor speed, and no 
continuous voltage pulse is necessary. Most 
importantly the variation of the back emf and the 
phase resistance will have no influence on the 
calculation. The preciseness of the total system will 
mainly be determined by the current sensor and the 
system timer. In fact this method needs some 
information from the analytical SRM model. It is 
somewhat similar to the flux-current-angle method. 
Since the hysteresis current band is always set by the 
control, and the phase current is sufficient to determine 
the inductance portion, which can be realized by a 
look-up table, the speed estimation is very fast. The 
motor speed is locked by a digital phase-locked loop 
(DPLL) [9], which filters the unexpected noise. With 
occasional initial angle checked by the voltage pulse 
strategy, high performance sensorless position control 
is developed.      
 
      

IV. PROOF-OF-CONCEPT DEMONSTRATION 
 
        A proof-of-concept demonstration has been 
developed to show the basic functionality of the 
proposed SRM-based actuator, as shown in Fig. 7. Fig. 
7 (a) shows the actuator system raising a weight as a 
demonstration of linear thrust capability. A four-start 
ball screw (1 inch in diameter, 1 inch pitch) is used in 
this proof-of-concept configuration. Fig. 7 (b) shows 
the power converter.   
 
        A maximum weight of 33.5kg (74.4lbs) has been 
successfully lifted with the setup shown in Fig. 7 (a), 
proving the proper operation of the entire actuator 
system. Note that the low operating thrust, compared 
to the required thrust, is due to the low mechanical 
advantage of the ball screw (only 2.5) and the limited 
torque capability of the proof-of-concept SRM system. 
In the final product, a high efficiency ( 9.0≥ ) roller-
screw with higher mechanical advantage, along with a 
fully scaled SRM, will enable the full operating thrust. 
 

V. CONCLUSIONS AND FUTURE WORK 
 
        This digest proposed a switched reluctance motor 
(SRM) based actuator for use on the landing craft air 
cushion (LCAC), to replace the existing hydraulic 
systems that control the steering vanes. The proposed 
SRM-based actuator is intended to enable the 
reduction of complexity, weight, and maintenance 
associated with conventional hydraulic systems. The 
proposed actuator consists of an SRM and a high-
efficiency roller-screw with suitable mechanical 
advantage. A preliminary SRM has been designed 
using an analytical method, and then verified with 
SRDaS. A proof-of-concept demonstration has been 
developed to show the basic functionality of the 
proposed SRM-based actuator. Future work includes 
investigating the application of high-flux-density 
lamination materials to optimize the SRM design, as 
well as optimizing speeds and dimensions.  
Experimental results for the fully scaled actuator will 
also be included in the final paper. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Raising a weight 
 
 
 
 
 
 
 
 
 
 
 

(b) Power converter 
Fig. 7. Proof-of-concept demonstration. 
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